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abstract
Astrophysics, Cosmology and Particle Phenomenology
at the Energy Frontier
by
Jorge Fernández Soriano

Advisor: Professor Luis Anchordoqui
This dissertation consists of two parts, treating significantly separated fields. Each part
consists on several chapters, each treating a somewhat isolated topic from the rest. In each
chapter, I present some of the work developed during my passage through the graduate
program, which has mostly been published elsewhere.

Part I – Cosmic Rays and Particle Physics
Chapter 1 In this chapter we present an introduction to the topic of cosmic ray physics,
with an special focus on the so-called ultra high energy cosmic rays: their potential origins,
effects during their propagation between their sources and Earth, the different techniques
used for their detection, and the use of cosmic rays to explore fundamental physics at
energies unattainable at particle accelerators.

Chapter 2

In this chapter we expose some contributions to the understanding of the

sources that UHECRs come from. In particular, this chapter explores some aspects of
iv
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the hypothesis that starburst galaxies may be their origins. We explore the effect that
interactions with cosmic microwave background photons within the source may have on
the energy spectrum produced by such sources.
Chapter 3 This chapter presents the influence of photon backgrounds like the solar
radiation field, the cosmic microwave background or the extragalactic background light
have on the propagation of cosmic rays from their source to the Earth, via nuclear photodisintegration. In particular, we explore the the application of this effect to test violations
of Lorentz invariance, and we point out the impact that inaccuracies in the description
of photo-disintegration cross sections have as we try to understand the whole picture of
cosmic ray production and propagation.

Chapter 4

This chapter introduces another phenomenon that affects cosmic ray propaga-

tion, namely galactic magnetic fields. Magnetic fields bend charged cosmic ray trajectories,
obscuring the association between individual events and their sources. This chapter
explores a method by which cosmic ray acceleration, magnetic deflections and photodisintegration are put together with the purpose of understanding cosmic ray composition.
Besides that, we explore more closely the galactic magnetic field, and to which extent it
can be constrained assuming that UHECRs are produced in starburst galaxies.

Chapter 5

In this chapter I present my contributions to the understanding of neutrino

cosmic rays. Specifically, the work in this chapter studies the spectrum of astrophysical
neutrinos and the possibility that it exhibits a change in the slope at about few hundreds
TeV, which could point to a transition between different astrophysical neutrino sources.
Besides that, the possibility of using IceCube data to probe the neutrino cross sections
beyond accelerator energies is also explored.

v
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Chapter 6 This chapter treats topics related to collective effects that may occur in the
interactions of UHECRs in the atmosphere. More specifically, it is expected that when
high enough energy densities are reached in nuclear collisions, a quark-gluon plasma
may be formed. This would modify the produced particle spectrum as well as their
angular distributions. This chapter deals with the possibility that a modification of the
particle spectrum may suffice to explain the defect of muons at ground level that UHECR
experiments observe.
Chapter 7 This chapter presents explorations on the application of cosmic ray experiments to understand the detectability of more exotic systems. In particular, the absence of
cosmic rays beyond some energy threshold allows us to set constraints on the properties
of hypothetical super-heavy dark matter particles. On a different note, we explore the
observability of the so-called macros: macroscopically sized nuggets composed of dark
matter.

Part II – Cosmology: Tensions & Conjectures

Chapter 8

In this chapter, we present a far from exhaustive review of modern cosmology.

Instead, we address the major points cosmology is based around nowadays, without offering
a strong historical background. I start with the cosmological principle of homogeneity
and isotropy, develop the mathematical framework to describe it, and assess what are the
main contributions that drive the evolution of the Universe staying always in touch with
observational evidence, that is, highlighting the impact of different cosmological effects on
experimentally accessible observables such as the cosmic microwave background or the
distance-redshift relation for several astrophysical objects.

Chapter 9

In this chapter, we explore the cosmological implications of the Salam-Sezgin

six-dimensional supergravity model after its compactification to a four-dimensional space.
vi
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Such process gives rise to the presence of two coupled scalar fields. This is on par with
the distance conjecture of Swampland program, by which the evolution of a rolling scalar
field would produce a family of fields with masses related to such field. Here, we consider
those fields as potential accounts of the dark energy and dark matter in our Universe, and
explore the ability of such model to alleviate the Hubble constant tension.
Chapter 10 In this chapter, we continue exploring cosmological models under the
Swampland program. In particular, we consider general inflationary models mediated
by scalar fields respecting S-duality invariance (that is, under φ → −φ field transformations). We study how these models are constrained by the distance and de Sitter
swampland conjectures, which establish limits on the evolution of the fields. We study
the feasibility of the conjecture-constrained models against measurements of the spectral
index and the tensor-to-scalar ratio, parameters which measure the imprint of inflationary
phenomenology on the cosmic microwave background.

Chapter 11

In this chapter, we dive deeper into the Hubble constant tension. We

consider a model in which several dark matter species evolve throughout the cosmological
history. These particles can decay, without mixing with the standard model, into a dark
radiation field. We implement a Markov chain Monte Carlo bayesian analysis to confront
the large number of model parameters with a dataset comprised of multiple measurements
of the Hubble parameter for low redshift, obtained as distance vs. redshift data for
supernova and galaxies, as well as large scale structure information from baryon acoustic
oscillations. Armed with these tools, we explore how the data constrains the number of
fields, as well as their abundances and decay rates.
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Part I

Cosmic Rays and Particle Physics
Cosmic rays are particles traveling through the Universe. Produced in
a wide variety of astrophysical systems, they propagate through the
cosmos, traversing gases, magnetic fields and photon backgrounds, until
they arrive to Earth, where they can be detected with instruments of
varying sizes using multiple techniques. In this part, I present my work
in trying to improve our understanding of several aspects involved in
the process from the production to the detection of the highest energy
cosmic rays.

1

1

i n t r o d u c t ion

In this chapter we present an introduction to the topic of cosmic ray physics, with
an special focus on the so-called ultra high energy cosmic rays: their potential
origins, effects during their propagation between their sources and Earth, the
different techniques used for their detection, and the use of cosmic rays to explore
fundamental physics at energies unattainable at particle accelerators.

1.1. Overview
Our Universe contains fields in a myriad of different configurations. Some of those are
called cosmic rays. Belonging to this category is based on the criteria below.
1. Cosmic rays are particle-like systems: any fundamental particle of the standard
model, as well as combinations of those in the form of nucleons or nuclei could be a
cosmic ray.
2. Cosmic rays are naturally accelerated, often in astrophysical systems.
3. Cosmic ray have relativistic velocities. This introduces a reference frame in which
they move fast. We usually consider relativistic velocities with respect to the Earth or
its surroundings, as that is the reference frame in which we detect them. In other
circumstances, one considers their velocities with respect to the rest frame of the
astrophysical system that accelerates them. From an global perspective, we could
consider cosmic rays to be relativistic with respect to the frame in which the cosmic
microwave background is isotropic.
2
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Due to the nature of cosmic rays, their study encompasses multiple disciplines within
physics: mainly particle physics, astrophysics and cosmology, as well the atomic and
atmospheric physics involved in their detection, and the physics and engineering involved
in instrumentation.
The life of a cosmic ray is as follows. A particle is somehow accelerated in some
astrophysical system. After processes of arbitrary complexity and duration, the acceleration
process ends and the particle escapes the source. At that point, the particle starts
propagating.
The propagation is hardly a straight line path towards the Earth. Even before the
acceleration at the source ends, multiple processes can annihilate or produce particles.
These processes may during propagation, which means that the identity of whatever
particle was initially extracting energy from the source is not necessarily preserved until
detection on Earth. Different particle species react differently to the environment during
propagation. For instance, neutral particles are immune to magnetic fields, whose effects
on charged particles range from slightly bending them to completely dictating their path
through space. Another relevant effect during propagation stems from the background
fields present in the Universe, either from photon fields (like the cosmic microwave
background or other collective radiation fields ultimately emerging from stars) or regions
that are not fully transparent to the passage of particles due to the presence of matter.
Interactions during the propagation stage may, at any point, de-accelerate some particles
and accelerate others, acting as point-like sources for new cosmic rays.
Finally, cosmic rays arrive to the detector location, where data is collected using multiple
techniques that vary depending on the energy, species and abundance of the specific type
of cosmic ray that a given experiment is focused on.
It is important to notice that the location of the source may be, in principle, anywhere
in the Universe. This, in particular, includes cosmic rays that are produced within the
Earth’s atmosphere: a cosmic ray that arrives to the top of the atmosphere may suffer an
3
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interaction with an atmospheric nucleus, producing additional particles. Nevertheless, we
establish a differentiation between these two kind of cosmic rays, since (i) we are mainly
interested in understanding the origin of astrophysically generated cosmic rays, and (ii)
these energetic particles produced in the atmosphere are often (as described below, in
§1.2.1) part of the signal used to characterize the initial cosmic ray.
Primary cosmic rays are of astrophysical interest for the reasons mentioned above.
Moreover, they provide the best window to the highest energy regions of particle physics,
since any secondary particle they produce is less energetic.
Secondary cosmic rays must always be accounted for as one tries to understand primary
cosmic rays. They are either a nuisance or a detection mechanism. If a given detector
focused on some type of primary cosmic ray is also triggered by secondary cosmic rays
originated elsewhere, these will contribute to the data as a background from which the
proper signal has to be extracted. In other cases, the direct detection of primary cosmic rays
is impossible. If the path that a primary cosmic ray would have to follow to be detected
directly on the surface of the Earth is much longer than its interaction mean free path
through the atmosphere, its direct detection from the ground will be impossible. It is the
secondary particles (or, at least, some of them) that will produce an observable signal that
can be captured from the Earth’s surface. We will expand on these topics in §1.2.

1.1.1. Characterizing cosmic rays
Individual cosmic rays are characterized by their species and their four-momentum,
that is, their energy and direction. Assuming the species to be unknown a priori, the
four-momentum has four degrees of freedom for massive particles:
• the energy, which is usually measured calorimetrically;
• the direction, described by two degrees of freedom, is usually reconstructed by means
of a reconstruction of the tracks left by the primary or secondary cosmic rays on the
detector;
4

1. introduction
• the magnitude of the three-momentum, for which information can extracted if a
charged primary cosmic ray is subject to a magnetic field as it leaves a track in the
detector.
Regarding the last point, a charged particle of momentum with magnitude p and charge q
under the influence of a uniform magnetic field of known magnitude B follows a circular
trajectory1 of radius

r=

p
,
qB

(1.1)

which only allows to measure the rigidity R = p/q and not the momentum itself. One can
still use
E2 = m2 + q2 R2

(1.2)

to identify a particle, as m and q are known for standard model particles.
In experiments in which one has no direct access to the primary particle, the direct
measurement of the rigidity is unavailable, and the identification of the particle species
turns out to be harder to achieve.
Beyond the individual properties of a single cosmic ray, information may also be extracted
from an ensemble of cosmic ray detections. The distribution of cosmic ray energies and
arrival direction is called the spectrum. Although there are multiple quantities informally
referred to as spectrum, for now we will define it for a given species (k) of cosmic rays, as
the number of cosmic rays of that species per unit energy, solid angle, area and time:

Φk =

dN
.
dE dΩ dA dt

(1.3)

The spectrum may exhibit dependence in multiple variables:
1 To

a first approximation. Indeed, if the particle looses momentum as it moves, the trajectory will not be
circular.
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• energy (E): particles of a given species may have different energies depending on the
source that produced them or the propagation effects that they went through;
• position of measurement (x): the amount of cosmic ray at different potential measurement locations can vary significantly;
• direction on the sky (n̂): different regions of the sky may have more or less activity,
depending on the source distribution and on the magnetic deflections produced
during the cosmic ray propagation;
• time (t): while cosmic ray emission of some source may be stable enough for its
changes to be undetectable, some sources are transient, and the time dependence is
relevant.

1.1.2. The cosmic ray spectrum
The ensemble description of the particle species, that is, the distribution of species in a
given cosmic ray sample, is usually referred to as the composition. Composition studies
are straightforward in experiments with direct access to the particle species. Otherwise,
even if particle identification in an individual basis is unsuccessful or highly uncertain,
ensemble properties of cosmic ray events may still produce useful information about the
ensemble composition.
In the works presented in this thesis, we will mostly concern ourselves with a specific
part of the cosmic ray spectrum, namely the ultra-high energy region. That is roughly
defined as the cosmic rays with energies about above 109 GeV. Before focusing our attention
in this region, we can give a brief description of the cosmic ray spectrum at lower energies.
The available information about the spectrum depends on whether the primary cosmic
rays are detected directly or indirectly. When direct detection is possible, species identification is usually available event by event. For indirectly detected cosmic rays, that is not the
case. Therefore, in the indirect detection region, the all-particle spectrum is presented.
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A common description of the spectrum is done by means of the spectral index. The
energy can always be expressed as
dN
∝ E−Γ (E) ,
dE

(1.4)

the value of Γ (E) at a given energy is called the spectral index. This quantity is often used to
characterize different parts of the spectrum, since Φ is usually well described locally with
a somewhat constant value of Γ . The spectral index may be obtained from the spectrum as

Γ (E) = −

d log Φ
.
d log E

The all-particle spectrum (

(1.5)

Í

k Φk )

above 10 GeV from multiple experiments has been

compiled into a common analysis [18]. The authors performed multiple data-driven fits
using splines, providing a reference model across several experiments, species and energies.
In Fig. 1.1 we show this global fit as well as running spectral index derived from it.
The spectrum, as shown at the top of Fig. 1.1, seems featureless, besides the increase on
the slope near its end at about 1011 GeV. It is, indeed, full of features, as the shape of the
spectral index reveals. The spectral index at a given part of the spectrum is of relevance as
it is can easily be compared with different cosmic ray source models. For instance, several
acceleration mechanisms that are potential cosmic ray sources accelerate particles following
a spectrum E−γ . A change in the prevalent acceleration mechanism in some region of the
spectrum may be reflected in a change of the spectral index Γ (E). Nevertheless, one can’t
ignore the energy dependent propagation effects and detection sensitivities, which distort
the spectrum between acceleration and detection.
The spectral index in Fig. 1.1 exhibits multiple prominent features. The increases in Γ
right above 106 GeV and about 108 GeV are known as the knee and the second knee in the
literature. The decline in Γ right below 1010 GeV is known as the ankle. Above 1010 the
spectral index increases rapidly, corresponding to the observed suppression in the cosmic
7
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Figure 1.1.: All-particle flux (top) and spectral index (bottom) as obtained by the fit performed
by the authors of [18].
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Figure 1.2.: Cumulative spectrum ℱ above an energy threshold Eth .
ray spectrum.
An understanding of the astrophysical sources that accelerate cosmic rays, the effects
they suffer during propagation, and the phenomena involved in their detection is necessary
to explain all the features in the cosmic ray spectrum.

1.2. UHECR detection
The extremely low numbers shown in Fig. 1.1 for the spectrum at and above 105 GeV
have severe consequences on the statistical significance on any result requiring data
accumulation. One can estimate the total number of cosmic ray events above certain energy
by means of the integral

∫∞
ℱ (Eth ) =
Eth

dN
dE.
dE dΩ dA dt

(1.6)

In Fig.1.2 we can see how the number of events above certain energies would required long
running experiments with very large exposures.
The lower end of the spectrum has enough abundance of cosmic rays that small detectors
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provide enough data in a reasonable amount of time. At a threshold of 106 GeV, a 1 m2
flat detector would get hit by about two dozen particles a day. At Eth = 1011 GeV one
expects less than a particle per year hitting a kilometer square sized detector. This sets a
constraint on the experimental technique that can be applied to the higher energy parts
of the spectrum. At low energies, space missions are ideal, as they can provide enough
statistics and a relatively clean environment that allows for the arrival of primary cosmic
rays directly to a calorimeter type of detector. On the other hand, the higher energy parts
of the spectrum demand large experiments, that can only be sustained on the Earth’s
surface. This has a drawback, as the atmosphere strongly affects cosmic ray propagation.
Primary cosmic rays enter the atmosphere and travel through it until their mean free path
is low enough. This requires indirect detection methods, with increased complexity and
uncertainties, as they have to account for the production of secondary cosmic rays and
either their direct detection (if they can make it to the ground level through the atmosphere)
or their indirect detection using the atmosphere as a calorimeter.
In most of the work presented in this thesis we make reference to cosmic rays detected
via indirect methods. Therefore, an introduction to the experimental techniques involved
in cosmic ray indirect detection is presented below.

1.2.1. Cosmic ray air showers
When primary cosmic rays at high enough energies arrive to the top of the atmosphere
they suffer the so-called primary interaction with an atmospheric nucleus. That first
interaction may produce more or less secondary particles depending on the primary
cosmic ray species and energy, as well as the impact parameter. Central collisions of heavy
nuclei tend to produce more particles than peripheral collisions, or those involving lighter
nuclei or photons. The secondary particles produced in this interaction range in energies
and directions. Each of them propagates through the atmosphere for some distance that
depends on the balance between interaction and decay processes. After they interact or
10
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decay, each of them produces a new set of particles that undergoes the same process. The
number of particles increases for a while until the initial energy is diluted among the
products of multiple interactions. The set of all particles is called a cosmic ray shower, or
air shower. The indirect detection of cosmic rays through the air shower they produce
relies on two techniques to be described below.
The first method relies on the fact that among all the particles produced somewhere along
the shower, some of them might make it to the ground level. There, those particles may be
measured directly. Often the measurement consists on water tanks in which ultrarelativistic
charged particles would produce a Cherenkov radiation signal. Scintillation detectors
may also be used for this task. Depending on the number of interactions that occurred
along the air shower, some of the produced particles may spread large distances along
the plane perpendicular to the initial cosmic ray trajectory. At the highest energies, this
lateral spread may be larger than a few hundred meters. Due to budgetary constraints,
the instrumentation of large surfaces with one such large system is impractical. Instead,
individual, few cubic meter-sized water tanks with their own Cherenkov light detection
system are spread around large surfaces. The amount, location and timing of detected
particles can provide information on the spatial distribution, the arrival direction and other
properties of the air shower and the primary cosmic ray that started it.
The second indirect detection method uses the atmosphere as a calorimeter. As the
charged particles in the air shower travel through the atmosphere, they deposit energy
on the air molecules. Specifically, nitrogen molecules absorb energy that is released in
form of fluorescence light. This fluorescence is mostly emitted in the UV range, which
can travel through the atmosphere with a low degree of attenuation of several kilometers.
One can then place fluorescence telescopes on the ground, pointing upwards, with the
purpose of collecting this light. The high frequency data collection allows to track the time
evolution of the shower. This, together with shower modeling, may allow to reconstruct the
trajectory of the shower and, therefore, the original entry direction of the primary cosmic
11
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ray. Moreover, if all or most of the shower occurs inside the field of view of the detector,
the total amount of fluorescence light captured by the telescope provides a measurement
of the total energy of the primary particle.
These measurements require a good understanding of the atmospheric properties in
the surroundings of the experiment. The atmospheric density plays an important role in
the actual development of the shower, as higher densities promote more interactions and
less decays. Nevertheless, the effects of the atmosphere on the fluorescence technique go
beyond that. The amount of fluorescence light emitted by nitrogen molecules is affected by
the atmospheric pressure, temperature and humidity via quenching processes.2 Besides
that, the propagation of fluorescence light from the emission point to the telescope is
affected by scattering off other air molecules and aerosols. For this reason, atmospheric
monitoring at the experiment site is vital.
Overall, an optimal detection consists on the calorimetric observation of the shower
development through multiple fluorescence telescopes at different locations (which allows
for finer geometrical reconstruction) and the corresponding Cherenkov signal at multiple
locations on the ground.

1.2.2. UHECR shower experiments
Two implementations of this hybrid technique that have driven the field of cosmic rays for
the last two decades are The Pierre Auger Observatory and the Telescope Array.
The Pierre Auger Observatory [19] is located in Argentina, around the town of Malargüe.
Its main instruments are a fluorescence detector (FD) system (consisting of telescopes at
four different locations), a surface Cherenkov radiation detector (SD) system (consisting
on about 1600 individual stations), and a complex set of atmospheric monitoring systems.
The instrumented area covers about 3000 km2 .
The Telescope Array Project is located in Millard County, Utah (US). The detection
2 The

absorption of the extra energy in the molecules by surrounding molecules instead of via fluorescence
emission.
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technique is similar to that of the Pierre Auger Observatory, with the difference that
scintillation detectors are used instead of Cherenkov water tanks for the detection of
particles at ground level. It consists on three fluorescence detectors and about 500 surface
detectors.
Beyond ground based observatories, the cosmic ray community has been pushing forward
the alternative of using fluorescence telescope pointing down from high altitude balloons
or from space. The EUSO program deserves special mention, with experiments EUSOBalloon, EUSO-SPB and Mini-EUSO having already taken data, and future experiments
EUSO-SPB2 and K-EUSO. The culmination of the space technique as devised today is
being implemented by the POEMMA (Probe Of Extreme Multi-Messenger Astrophysics)
collaboration. POEMMA is a proposed observatory consisting in two identical satellites
that would orbit around the Earth, providing stereo vision for cosmic ray showers taking
place in the Earth’s atmosphere. Besides the fluorescence telescopes, which would function
in a way similar to those on Earth, POEMMA will be equipped with Cherenkov light
telescopes, to capture the direct light produced by charged particles coming out of up-going
cosmic ray showers produced after tau neutrinos interact near the surface of the Earth.

1.3. Angular distribution and UHECR sources
The cosmic ray spectrum as described above only accounts for its energy dependence.
Another property to take into account is its variability across different directions of the sky.
As explained above, the amount of cosmic ray events available at the highest energies is
not very large. A further division of the events across all sky brings the amount of events
per steradian to a point that may require several decades of data collection to be able to
make strong conclusions.
Photons provide a very rich picture of the sky around us, ranging from radio wavelengths
to gamma rays. That has allowed for the characterization of existing light emitting astrophysical systems to reasonably high precision. This understanding of the electromagnetic
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sky together with precise enough measurements of cosmic ray arrival directions may give
us insights into what are the sources of cosmic rays.

1.3.1. Magnetic deflections
Unlike in photon astronomy, the cosmic rays that are measured by air shower observatories
are mostly charged particles. Charged particle trajectories are bent by magnetic fields,
which exist both in the galactic and extragalactic media, although the former is the most
influential. The effect of magnetic fields on charged cosmic rays are dependent on their
charge and momentum through their rigidity R = p/q. It is worth mentioning that
electrically neutral particles may still be affected by a non-uniform magnetic field via its
coupling to their magnetic moment; neutrons are an example of this. Nevertheless, at CR
energies, their deflections with respect to a straight line are expected to be negligible even
within the Earth magnetic field [20].
The extragalactic magnetic field is thought to be turbulent, characterized by its rms value
and its coherence length [21]. The angular deviations to the trajectory of a cosmic ray of
rigidity R traveling a distance d through the extragalactic magnetic field are related as
∆θ2 ∝

D
,
R2

(1.7)

with a proportionality constant dependent on the specific description of the magnetic
field. For a 1010 GeV proton traveling a distance of 3.5 Mpc the deflections are about one
degree (see §4.2). Its turbulent behavior produces a potential distortion on the arrival
of extragalactic cosmic rays, but it would not produce a structured change that would
transfigure the cosmic ray sky into something completely different.
The galactic magnetic field on the other hand, far from being purely turbulent, exhibits
great structure [22]. With the exception of the highest energy cosmic rays, particle
trajectories will be deflected significantly during their passage through the galaxy. A
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1010 GeV proton would suffer deflections of the order of 10◦ (see §4.1). It is important to
stress here the variations to be expected across different particle species at a fixed energy.
For instance, a nitrogen atom (Z = 7) at the same energy would be deflected so strongly
that a measurement of its arrival direction to Earth would still require a great knowledge
of the galactic magnetic field in order to identify its original source. If we expect a given
source to emit cosmic rays of multiple species and multiple energies, according to the
energy spectrum predicted by some acceleration mechanism, the imprint on the cosmic
ray sky such source would produce can be of great complexity. In §4 we explore how
cosmic ray properties (energy, species and arrival direction) can be disentangled given
some well constrained model for the galactic magnetic field or, instead, how they can be
used to provide information on it.

1.3.2. Correlation with starburst galaxies
Despite these caveats, arrival direction studies in recent years have proved enough to
establish high degree of correlations between the cosmic ray sky and the sky as observed
via gamma ray astronomy, which isn’t affected by magnetic fields. In particular, the Pierre
Auger Collaboration produced an analysis in which the cosmic ray sky was compared
to a catalogue of active galactic nuclei and a catalogue of starburst galaxies [23]. They
compared the gamma ray catalogues with a Pierre Auger UHECR sample, consisting on
events above some energy threshold, and assuming certain angular size for the imprint of
the sources in the cosmic ray sky. The highest degree of correlation between the UHECR
and gamma ray skies was obtained for the starburst galaxy catalogue, with an energy
threshold of 3.9 × 1010 GeV and an angular size of 12.9◦ . More specifically, the correlation
exhibits a (one-sided) significance of 4.0 σ, that is, a probability of 3.6 × 10−5 of having
originated from an isotropic cosmic ray distribution.
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1.4. Cosmic ray energy losses during propagation
On their path from the acceleration point to their detection, cosmic rays travel through an
environment far from empty. Among all things that may obstruct cosmic rays, the most
relevant process in the UHECR region is absorption by photon fields. In what follows, we
will focus on the interaction between these fields and UHECR.
In order to continue the discussion, we must explore the different processes that result in
either the energy loss or the destruction and conversion of a cosmic ray into other particles,
which may or may not be observed.
In order to quantify the effect of the photon background on cosmic rays, we make use of
the interaction rate, which may be expressed as [24]

ℛ j,k

1
= 2
2γ

∫∞
ε0th /2γ

1
nk (ε) dε
ε2

∫ 2γε
ε0th

ε0 σj (ε0) dε0 ,

(1.8)

where nk (ε) is the energy distribution of an isotropic photon field, σj is the interaction
cross-section for a specific process, ε and ε0 are energies in the photon and cosmic ray rest
frames, respectively, and ε0th is the reaction threshold energy.
Similarly, we can obtain the fractional energy loss rate by including the inelasticity in the
cross-section integral, which measures the fractional energy loss per interaction:
1
1 dE
−
= 2
E dt
2γ

∫∞
ε0th /2γ

1
nk (ε) dε
ε2

∫ 2γε
ε0th

ε0 fj (ε0)σj (ε0) dε0 ,

(1.9)

The photon fields involved in these processes are the cosmic microwave background
(CMB) and the extragalactic background light (EBL), which are constituted by low energy
photons (in the frame in which they are isotropic). As a cosmic ray gains energy and
those photons are boosted in its frame, the first interactions will start happening when
a significant part of the high frequency end of the photon spectrum goes beyond the
threshold energy.
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For protons, the main processes involved are pair production and photopion production,
with energy thresholds of ε0th of about 1 MeV and 145 MeV, respectively. Therefore, pair
production is the first process to kick in. Below cosmic ray energies of 109 GeV, the
cosmological expansion of the Universe is the main mechanism by which protons loose
energy. Then, pair production becomes the main process until 7 × 1010 GeV, increasing the
energy loss only by about a factor of two. Beyond that, photopion production quickly rises
the energy loss by about another two orders of magnitude, at which point the interaction
length is of about 10 Mpc [25]. Photopion production for protons may manifest in processes
like pγ → pπ0 or pγ → π+ n, mediated by intermediate excitations of baryonic resonances
consist on the excitation of baryonic resonances the lightest of which is ∆(1232), responsible
for the threshold. At higher energies, heavier resonances appear, which contribute in
different ways to the overall interaction rate [26].
For heavier nuclei, there are multiple processes involved. Moreover, these processes
don’t necessary result in an energy loss, but may instead break nuclei to produce lighter ones,
therefore transforming the cosmic ray species. As in the case of protons, at energies before
the UHECR regime, cosmological losses are predominant. For example, for iron nuclei, in
the region between 1010 GeV and 1011 GeV there are similar contributions of pair production
with the CMB and photodisintegration with the EBL. Above that, photodisintegration with
the CMB only becomes relevant, increasing the energy loss by more than three orders of
magnitude above the cosmological expansion losses, resulting in an interaction length of a
few megaparsec [25].
Photodisintegration occurs mostly as the giant dipole resonance is excited at photon
energies above a few dozen MeV, process by which a nucleus absorbs a photon, producing
a collective excitation that promptly decays to a lower energy state by emitting usually one
or two nucleons.
The strong energy losses produced by the aforementioned mechanisms result in a
suppression on the cosmic ray spectrum at energies at about 1011 GeV and above. This
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explanation of the suppression of the spectrum is the so-called GZK cutoff, after Greisen,
Zatsepin and Kuzmin proposed an end to the proton cosmic ray spectrum [27, 28]. The
energy, species and distance dependence of these losses produce a complex entanglement
between the cosmic ray observables.
In §3.2 we explore with detail the photodisintegration cross section for several Helium
isotopes and its effect on propagation studies, which are elementary to relate properties of
the emission and the detected spectra. In §4.1 we exploit the species dependent effects
of photodisintegration described above, together with the magnetic deflections in the
galactic magnetic field, to try to extract information on the composition of a source based
on UHECR data.

1.5. Air showers and hadronic physics
1.5.1. Air shower development
An understanding of the evolution of cosmic ray showers is vital to gain information about
the energy and species of a given cosmic ray. The main factor affecting the aspect of a
shower for an observer is the atmospheric density profile. For that reason, it is convenient
to integrate out most of the atmospheric density effects by describing air showers in terms
of the slant depth. If s measures the physical distance from the point of the first interaction
along the line of the initial momentum of the cosmic ray, the slant depth (or, simply, depth)
is defined as

∫s
X(s) =

ρ[x(s0)] ds0 ,

(1.10)

0

where rho is the atmospheric density and x(s) is the path of the shower in space parametrized
by s.
The output of an air shower model should be the amount of fluorescence photons
produced at any point along the track, at a given wavelength. This may be obtained from
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the energy deposit, per unit length, of the shower in the atmosphere:
dNλ dNλ dE
=
.
ds
dE ds

(1.11)

The energy deposit can itself be written as
dE dE dX dE
=
=
ρ[x(s)].
ds dX ds
dX

(1.12)

The first term above is the so-called shower energy deposit profile. The term dNλ /dE is
the so-called fluorescence yield, which exhibits a complex dependence on the properties
of the atmosphere [29]. The number of particles of a given species per unit slant depth,
dNk /dX, is closely related to the energy deposit profile; we call this the shower profile.
This is the quantity that, in analytical models of air shower, is closely related to the particle
physics that describes particle interactions.
In the usual development of a shower, outlined in §1.2.1, the first interaction of a proton
or nucleus UHECR may produce hundreds or thousands of particles after a hadronic
interaction mediated by QCD processes. These particles can undergo further interactions or
decays. At higher particle energies, interaction cross sections with the air tend to increase.
Moreover, the decay lengths are extended due to relativistic time dilation. Therefore,
during the first, higher energy part of the shower, despite being in the highest, lower
density regions of the atmosphere, interactions are predominant. More and more particles
are produced and their energy is diluted. As the atmospheric density increases and the
interactions happen more often, their energy is low enough that decay processes start
taking place. At that point, the number of particles in the shower starts to decrease.
Although there are multiple approaches to air shower parametrization, a popular choice
is the Gaisser-Hillas profile [30]
dN
dN
=
dX
dX


max

X − X0
Xmax − X0

 (Xmax −X0 )/λ





Xmax − X
exp
.
λ
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Using the fluorescence light detected at ground level with a fluorescence telescope, one
can reconstruct the fluorescence emission (1.11), which can, making use of the atmospheric
profile, be related to a shower profile like (1.13). In that process, the quantities X0 , Xm ax, λ
and dN/dX| max are treated as free parameters. These parameters may be related, on an
event by event basis or for the whole ensemble of observed events, to the physical processes
underlying the shower development.

1.5.2. Monte Carlo simulations and hadronic models
This connects with the standard method of data analysis for indirect detection of cosmic
rays. Equipped with a software-implemented physics model for all sorts of interactions, an
atmospheric model, a fluorescence emission and propagation model, and a simulation of
the fluorescence telescope, one simulates multiple cosmic ray showers coming from UHECR
of different species, energies and directions, and recreates the expected detector response
they would produce. These simulated responses are compared with experimentally
acquired data. The simulation of the fluorescence emission and detection are usually left
for each experimental collaboration to develop according to their needs. Nevertheless,
for the shower development, there are two main tools that have gained the respect of the
UHECR community over the years: AIRES [31] and CORSIKA [32].
Simulation studies, specifically, allow us to explore the relation between observable
quantities and the hadronic models that describe the highest energy interactions at the
beginning of the shower. It is convenient to use the much more data-rich field of accelerator
physics to inform hadronic models for UHECR showers. Nevertheless, the highest energy
part of the cosmic ray spectrum is far beyond the highest energies currently reached at
human-made accelerators.
To understand that, we make use of the center of momentum (COM) energy per nucleon
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√
pair, sNN , as defined by



sab

pa
pb
=
+
Aa Ab

2

,

(1.14)

where pk is the four-momentum of the k-th nucleus and Ak is its mass number. In pp
ultrarelativistic collisions in circular colliders, spp = 4E2p . If nuclei are accelerated in the
same accelerator, the maximum energy is determined by the strength of the magnets,
which allow for a fixed maximum rigidity R = p/Z. Therefore, the maximum energy for a
nucleus of atomic number Z would be EZ = ZEp , and the corresponding COM energy

sab = 4

Za Zb 2
Za Zb
Ep =
spp .
Aa Ab
Aa Ab

(1.15)

In cosmic ray experiments, in which the energy is measured in the rest frame of the air
nucleus, the COM energy per nucleon pair is

scr ≈

2Ecr mp
,
Acr

(1.16)

where Ecr and Acr are the energy and mass number of the incoming cosmic ray.
Assuming symmetric collisions at the LHC, the energies per nucleon pair reached there
are
√

sA,Z =

Z√
spp ,
A

(1.17)

√
where spp = 2Ep ≈ 13.6 TeV. The relative power to study fundamental physics in UHECR
and LHC experiments can be measured by the ratio

α(Ecr , Acr , Zcr ) =

r

scr
=
sA,Z

s

2Ecr Acr
Z2cr spp

.

(1.18)
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(a) Ratio of UHECR to LHC COM energies as (b) Event rate above LHC COM energy assuming
defined in (1.18).
a single-species flux from [18] .

Figure 1.3.: Comparison of LHC and UHECR COM energies.
In Fig. 1.3a we can see that cosmic ray energies above about 108 GeV go beyond LHC COM
energies. For heavier ions, the threshold energy at which cosmic rays go beyond accelerator
experiments in COM energy increases linearly with Z. We show in Fig. 1.3b the number of
events per yr km2 that are expected from one hemisphere of the sky, with energies above
the level reachable at LHC, for different cosmic ray species (specified there by their atomic
number). This assumes a pure composition for the spectrum, which is not necessarily the
case. We can see that the lighter the cosmic ray composition, the more statistics we can
gather to get insights into the standard model regions unexplored by the LHC.
This highlights the need to produce reliable extrapolations above LHC energies in order
to understand UHECR. On the other hand, it opens a new window to use UHECR to gain
insight into the higher energy regime of the standard model, and to probe physics beyond
the standard model.
The main implementations of hadronic models in use by the cosmic ray community are
EPOS LHC [33], QGSJet-II [34] and Sibyll 2.3 [35]. They use different phenomenological
models to make QCD approximations more feasible.
Say how the shower splits between hadronic and em components.
The main air shower observables related to the hadronic models are the total energy
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(obtained from the integral of the energy deposit profile dE/dX), the maximum of the
electromagnetic part of the shower (Xmax ), the total number of muons arriving at ground
level, and the maximum of the muon part of the shower(Xmax,µ ). The position of the
maximum of the shower provides information about the composition: a shower produced
by a nucleus with mass number A and energy E is equivalent to A proton showers at
energy E/A. This is known as the superposition model [25]. A good reconstruction of the
value of Xmax is essential to understand the composition of the UHECR spectrum. The
hadronic part of the showers, mainly detectable through the muons at ground level, is the
most sensitive to slight changes in the hadronic models. For that reason, it has gathered a
lot of attention in the past years, as there are strong discrepancies between the number
of muons predicted by hadronic models and that measured; this has been known in the
literature as the muon puzzle [36].

1.5.3. The muon puzzle and quark-gluon plasma formation
A modern effort in trying to resolve the muon puzzle relies on another phenomenon under
investigation in particle accelerators: the formation of a thermal phase between the initial
stages of a heavy-ion collision and the final hadronization into detectable particles. As
the energy and mass of the incoming nuclei are increased, the maximum energy density
reached during the interaction can easily surpass the typical energy density in a hadron, of
about 1 GeV/fm3 . Under these circumstances, the quarks and gluons within the hadrons
undergo a transition into a color deconfined, highly coupled, locally thermalized low
viscosity fluid known as the Quark Gluon Plasma (QGP) [37]. An understanding of the
properties of the QGP and its time evolution, as well as the preceding and subsequent
stages during a collision, are fundamental to account for observables in UHECR-detection
facilities and collider experiments [38].
Even though we are still far from understanding the full picture of this kind of events,
there are observable effects that are agreeably associated with the formation of a QGP,
23

1. introduction
such as: (i) suppression of hadron/jet yield due to energy loss of partons passing through
the formed QGP medium (jet quenching) [39, 40], (ii) thermal enhancement of strange
quarks [41, 42], (iii) azimuthal anisotropies (elliptic flow) [43, 44], (iv) enhancement of
low-pT photon yield [45]. Various proposed signatures of QGP have been observed in
AuAu collisions at RHIC and in PbPb collisions at the LHC [46–56]. The most recent and
perhaps most intriguing evidence for QGP formation emerged in ALICE observations,
which show an enhancement of the yield ratio of strange and multi-strange hadrons to
charged pions as a function of multiplicity at mid-rapidity not only in PbPb and XeXe
collisions but also in pp and pPb scattering [55, 57].
One of the uncertainties in our description of this type of events stems from the lack
of understanding of the initial state which later evolves to a locally thermalized QGP. An
accepted model of the initial conditions in heavy-ion collisions consists in the formation of
macroscopic color fields from the coherent behavior of low x gluons, as their transverse
sizes grow enough to make them overlap with each other. This idea is referred to as
the Color Glass Condensate (CGC) [58, 59]. Models implementing this idea, such as
the IP-Glasma model [60] or the KLN model [61] can provide realizations of the initial
conditions. The evolution to a phase where hydrodynamics is applicable is not yet
understood. Alternatives to coherent models like the CGC might consider the collective
effects of individual semi-hard parton collisions within pQCD as a way to produce minĳets
which could be considered as the initial state for the QGP [62, 63], among other possibilities.
Both types of models are supposed to account for the large production of entropy, expected
to occur in the early stages of heavy-ion collisions. After the early stages that fix the
initial conditions, the system evolves into a locally equilibrated plasma. This process,
not currently understood for the coherent initial conditions, can be understood through
kinetic theory for the incoherent ones. In the regime after this pre-thermalization stage,
(viscous) hydrodynamics drives the evolution of the QGP, in which lattice calculations are
required to provide a parametrization of the equation of state [64]. Finally, the effect of a
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collective statistical hadronization in addition to the expected string fragmentation opens
new venues for model builders [65].
Despite the many gaps in our current description of heavy-ion collisions, experimental
efforts are providing ever deeper insights into them. The Cosmic Ray community has a
long history of contributions to the High Energy Physics field. The highest energy cosmic
rays currently observed by the Pierre Auger Observatory (Auger) [66, 67] and the Telescope
Array (TA) [68] show a significant discrepancy in the shower muon content when compared
to predictions of LHC-tuned hadronic event generators [69]. Since the predicted muon
component rises with energy, one may well argue that if the energy is under-estimated, that
can entirely explain the so-called “muon puzzle.” Indeed, from the spectrum analysis in
the common declination band we know that in the energy range where the discrepancy has
been observed there is a ∼ 15% difference in energy scale between Auger and TA, which is
even higher at highest energies [70]. However, any concern about energy calibration has
been addressed in the combined analysis of Auger hybrid measurements by looking at the
zenith-angle dependence, so that the effects of energy calibration and muon excess could be
disentangled [67]. More recently, Auger findings have been confirmed studying air shower
measurements over a wide range of energies. The muon excess starts at E ∼ 108 GeV,
increasing with a slope which was found to be significant at about 8σ [71, 72] when
considering the hadronic event generators EPOS-LHC [33] and QGSJet-II.04 [34]. The
muon puzzle and the intriguing ALICE measurements provide a new example of the
UHECR

collider synergy, because the almost equal column-energy density in UHECR-air

collisions and LHC PbPb scattering [73] allows for a direct tests of next-generation QGP
event generators [74].
Explaining the muon puzzle is made more challenging by the measurements of the
distribution of the depth of shower maximum, Xmax , and the fluctuations in the number of
muons [75]. A thorough phenomenological study has shown that an unrivaled solution
to the muon deficit, compatible with the observed Xmax distributions, is to reduce the
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transfer of energy from the hadronic shower into the electromagnetic shower, by reducing
the production or decay of neutral pions [76]. Several models have been proposed to
accommodate this effect, including those of particular interest here wherein strangeness
production suppresses the pion-to-kaon ratio [9, 76–80]. An interesting idea which has
not yet been included in the UHECR simulations is the consideration of stabilized strange
quark matter [81, 82]. Searches will be carried out by mini-EUSO [83] and POEMMA [84].
Besides the potential that QGP effects on cosmic ray showers might have to solve the
muon problem, the richness of phenomena observed in these events is worth studying on its
own right. The QGP effects in collisions described above together with forward signatures
unaccessible to particle accelerators might be accessible through cosmic ray observatories.
This would create a new opportunity for the CR community to provide results useful in
accelerator physics and cosmology, where the QGP also plays a fundamental role.
The path towards these kind of analyses relies heavily on the availability of computational
power and its efficient use, a quickly evolving area where parallel and GPU computing
and modular programming in modern languages are proving essential. In this line, the
re-developement of widely used FORTRAN based tools like CORSIKA [32] or HĲING [85]
into their new C++/Python forms CORSIKA 8 [86, 87] and HĲING++ [88] may pave the
way for a new era in CR physics simulations where the implementations of new/modified
models like the ones considered here is easily supported. The implementation of HĲING++
with CR-borne tools like AIRES and CORSIKA can bring a new valuable player into the
hadronic models game for QGP exploration and complement the efforts put on EPOS [65,
89]. In addition, future data from the LHC in the fixed-target mode [90] from LHCb [91] or
ALICE [92], from LHCf [93], from FMS [94], and from FASER [95] will provide invaluable
information to address the muon problem and its possible QGP connection.
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t h e o r i g i n of cosmic rays

In this chapter we expose some contributions to the understanding of the sources
that UHECRs come from. In particular, this chapter explores some aspects of the
hypothesis that starburst galaxies may be their origins. We explore the effect that
interactions with cosmic microwave background photons within the source may
have on the energy spectrum produced by such sources.
Published works
“Evidence for UHECR Origin in Starburst Galaxies”. In: Proceedings of The 36th ICRC. Sissa
Medialab, Aug. 2019. doi: 10.22323/1.358.0255.
“Toward a robust inference method for the likelihood of low-luminosity gamma-ray bursts
to be progenitors of ultrahigh-energy cosmic rays correlating with starburst galaxies”.
In: Journal of High Energy Astrophysics 25 (Mar. 2020), pp. 23–28. doi: 10.1016/j.jheap.
2020.01.001.

2.1. Evidence for UHECR origin in starburst galaxies
The quest for the origin(s) of ultra-high-energy cosmic rays (UHECRs) continues to be a
far-reaching pillar of high energy astrophysics. The source scrutiny is mostly based on
three observables: the energy spectrum, the nuclear composition, and the distribution of
arrival directions. We show that each of these three observables can be well reproduced
with UHECRs originating in starburst galaxies.
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2.1.1. Introduction
Starburst galaxies are observed to be forming stars at an unusually fast rate (about 103
times greater than in a normal galaxy). The areas of high activity can be spread throughout
the galaxy, but most star forming regions are observed in a small sector around the nucleus.
The starburst activity usually drives galactic-scale outflows or “superwinds” that may
be responsible for removing metals from the galactic disk and polluting the intergalactic
medium with ultra-high-energy (E & 109 GeV) cosmic ray (UHECR) nuclei [26, 96–98].
Starburst superwinds are powered by massive star winds and by core collapse supernovae
which collectively create hot (T . 108 K) bubbles of metal-enriched plasma within the star
forming regions [99]. The over-pressured bubbles expand, sweep up cooler ambient gas,
and eventually blow out of the disk into the halo, providing a profitable arena for the
formation of collisionless plasma shock waves, in which UHECRs can be accelerated by
bouncing back and forth across the shock. Herein we present additional support for this
idea by confronting the predictions of the model with experimental data.
Specific assumptions are made, in that we consider diffusive shock acceleration on a
distribution of particles at multiple parallel shocks (in which both the magnetic field and
the upstream and downstream plasma flows are always perpendicular to the plane of the
shock front).1 Note since the magnetic field has components only along the direction in
which the shock propagates the Rankine-Hugoniot jump conditions are hydrodynamic
in character (see §2.1.3). At each shock a new distribution of particles is injected and
accelerated, and the particles injected at earlier shocks are re-accelerated further. Adiabatic
decompression occurs after each shock. We show that these considerations reduce the time
constraint on the acceleration region, while addressing the criticism on the model raised
in [101]. Moreover, the presence in the wind of many shocks changes the particle spectrum
from that produced by a single shock [102]. Summing over an infinite number of identical

1 It

has long been known that stellar winds contain a network of embedded shocks [100]. This provides
some support for our conjecture.
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shocks, with fresh injection at each shock and decompression between the shocks, does
produce a power-law momentum distribution f∞ (p) ∝ p−3 [103], which is flatter than that
produced by a single shock f(p) ∝ p−4 , and better reproduce observations.

2.1.2. Experimental background
The UHECR spectrum can be roughly described by a twice-broken power law [104–107].
The first break is a hardening of the spectrum, known as “the ankle.” The second is an
abrupt softening of the spectrum, which (i) may be interpreted as the long-sought GZK
cutoff [27, 28], or (ii) may correspond to the “end-of-steam” for cosmic accelerators [108,
109]. Herein we introduce a complementary explanation (iii) in which GZK interactions at
the source constrain the maximum energy of the nuclei. Note that (iii) is markedly different
from (ii) because for a nucleus of charge Ze and baryon number A, the maximum energy of
acceleration capability of the sources grows linearly in Z, while the energy loss per distance
traveled decreases with increasing A. The ankle energy and the corresponding change in
the power-law spectral index are measured with high precision. The existence of the flux
suppression is also firmly established. The differential energy spectra measured by the
Telescope Array (TA) experiment [104, 107] and the Pierre Auger Observatory (Auger) [105,
106] agree within systematic errors below E ∼ 1010 GeV; at higher energies, TA observes
more cosmic rays than would be expected if the spectral shape were the same as that seen
by Auger. The flux suppression observed in Auger data is at E ∼ 1010.6 GeV, whereas the
one observed in TA data is at E ∼ 1010.73 GeV.
The TA Collaboration has interpreted their data as implying a light primary composition
(mainly p and He) from 109.1 to 1010.6 GeV [110, 111]. The Auger Collaboration, using
post-LHC hadronic interaction models, reports a composition becoming light up to
109.3 GeV but then becoming heavier above that energy, with the mean mass intermediate
between protons and iron at 1010.5 GeV [112–116]. Auger and TA have also conducted a
thorough joint analysis and state that, at the current level of statistics and understanding
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of systematics, both data sets are compatible with being drawn from the same parent
distribution, and that the TA data is compatible both with a protonic composition below
1010 GeV and with the mixed composition above 1010 GeV as reported by Auger [117, 118].
However, Auger data are more constraining and not compatible with the pure protonic
option available with TA alone. Moreover, a recent re-analysis of TA data seems to indicate
that a pure proton composition above the ankle is disfavored [119].
The high frequency spectral fall-off and the shape of the spectrum at and below the
corner frequency are critical to assess the characteristics of the source spectra. In particular,
a simultaneous fit to the spectrum and the elongation rate requires hard source spectra
∝ E−γ , with 1.0 . γ . 1.5 [120, 121]. The differential energy spectrum dN/dE ∝ E−γ
is related to the phase space distribution in momentum space by dN = 4πp2 f∞ (p) dp,
yielding good agreement with Auger data. The constraint on the source spectral index
would be relaxed if the number of UHECR sources increases at low redshifts (for such an
unusual redshift evolution softer source spectra with dN = 4πp2 f(p) dp are favored) [122].
The Auger Collaboration has found an indication of a possible correlation between
UHECRs of E > 1010.6 GeV and nearby starburst galaxies, with an a posteriori (post-trial)
chance probability in an isotropic cosmic ray sky of 4.2 × 10−5 (4σ significance) [23]. The
energy threshold of largest statistical significance coincides with the observed suppression
in the spectrum, implying that when we properly account for the barriers to UHECR
propagation in the form of energy loss mechanisms [27, 28] we obtain a self consistent
picture for the observed UHECR horizon. The TA Collaboration has reported that with their
current statistics [123] they cannot make a statistically significant corroboration or refutation
of the reported possible correlation between UHECRs and starburst galaxies. However, TA
has recorded a statistically significant excess in cosmic rays, with energies above 1010.75 GeV,
above the isotropic background-only expectation [124, 125]. This is colloquially referred
to as the “TA hot-spot.” The excess is centered at Galactic coordinates (l, b) ' (177◦ , 50◦ ),
spanning a region of the sky with ∼ 20◦ radius. The chance probability of this hot spot in
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an isotropic cosmic ray sky was calculated to be 3.7 × 10−4 (3.4σ significance). The possible
association of the TA hot-spot with the nearby (3.4 Mpc away) starburst galaxy M82 has
not gone unnoticed [126, 127].
We have seen that starburst galaxies can accommodate two of the main observables in
UHECR physics: the nuclear composition and the distribution of arrival directions. We
turn now to discuss the acceleration process in starburst superwinds, while exploring also
whether this model can accommodate the shape of the source spectra. Before proceeding,
we pause to note that very recently it was proposed that the UHECRs producing the TA
hot-spot may be protons accelerated at sources in the Virgo Cluster (e.g. M87, 17 Mpc
away), which propagate towards the Earth along magnetic field filaments (of strength

& 20 nG) [128]. However, taking data at face value we can conclude that this proposal
appears unlikely: (i) as we have discussed above, a proton-dominated composition of
UHECRs is disfavored by existing observations; (ii) both the spectrum and the anisotropy
observed by Auger and TA can only be accommodated if there is a steady source within
∼ 10 Mpc to account for the flux excess [129]. The latter reinforces the idea that the
dominant source of the TA hot spot is the starburst galaxy M82. Another interpretation of
the Auger anisotropy hints relies on UHECR acceleration in low-luminosity gamma-ray
bursts [130]. However, if this were the case, the distribution of UHECRs would be isotropic
in nature [131], or else correlate with the distribution of all nearby matter as opposed
to a particular class of objects. It is noteworthy that when all sources beyond 1 Mpc (i.e.
effectively taking out the Local Group) from the 2MRS catalog are included as part of the
anisotropic signal in the analysis of [23] the significance level reduces to 3σ. Therefore, we
can conclude that the interpretation of the anisotropy signal in terms of low-luminosity
gamma-ray bursts is disfavored by data.
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2.1.3. Acceleration at a shock front
Consider a steady-state planar shock front endowed with a magnetic field. Without
loss of generality, the fluid velocity vector u and the magnetic field vector B can both
be locally broken down into components perpendicular to the shock front (designated
by the subscript ⊥) and parallel to the shock front (designated by the subscript k). The
Rankine-Hugoniot jump conditions for a time-independent magnetohydrodynamic shock
are found to be
[[ ρu⊥ ]] = 0 ,

""



(2.1)
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[[ B⊥ u k − B k u⊥ ]] = 0 ,

(2.5)

[[ B⊥ ]] = 0 .

(2.6)
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where [[ x]] ≡ x1 − x2 expresses the jump across the shock, ρ is the mass density and P the
thermal pressure, and where quantities measured just upstream of the shock are designated
by the subscript “1” and quantities measured just downstream of the shock are designated
by the subscript “2” [132]. Throughout we assume an ideal gas equation of state and so
the ratio of specific heats, γ, is considered a constant parameter. It is straightforward to
see that if the flow of the gas is perfectly parallel to the field lines so that the shock front
is oriented perpendicularly to them (viz. u k = 0, u⊥ = u, B k = 0, and B⊥ = B), then the
momentum jump condition (2.2) is the same as in the hydrodynamical case. This makes
sense on physical grounds, because within this set up the B field exerts no net force on the
gas, so it is not surprising that the Rankine-Hugoniot jump conditions are hydrodynamic
in character [26]. It is also straightforward to see that when B k ≠ 0 the jump condition for
the momentum in the perpendicular direction does depend on the magnetic field, which
provides an additional source of pressure. Moreover, the component of the velocity parallel
to the shock increases by a factor

u k2 − u k1 =

B⊥
(B − B k1 ) .
4πρu⊥ k2

(2.7)

For a perpendicular shock, in which u k = 0 and the magnetic field is parallel to the shock
front (i.e. B⊥ = 0), we can solve for the density jump ρ2 /ρ1 in terms of the ratio of the
magnetic pressure to to the thermal pressure

β≡

B2k1
8πP1

,

(2.8)

and the Mach number ℳ defined as the ratio of the unshocked gas speed to the upstream
sound speed. After discarding the trivial solution ρ2 = ρ1 , the Rankine-Hugoniot jump
conditions simplify to the quadratic relation


2 (2 − γ) β

ρ2
ρ1

2





ρ2
+ γ [(γ − 1) ℳ + 2 (β + 1)]
− γ (γ + 1) ℳ 2 = 0 .
ρ1
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Therefore, if the magnetic pressure is relatively insignificant (i.e. β  ℳ 2 ) the change in
density is approximately
4
ρ2
γ + ℳ2
=ζ 1−
β
ρ1
γ [2 + (γ − 1) ℳ 2 ]2




(2.10)

where ζ is the density ratio in the absence of a magnetic field. The presence of a magnetic
field thus tends to decrease the density jump from what it would be in the absence of
magnetism. As a matter of fact, if we again examine carefully the quadratic equation for
ρ2 /ρ1 , we see that ρ2 > ρ1 only if
ℳ2 > 1 +

2
β.
γ

(2.11)

This implies that the existence of a large magnetic field would allow supersonic motions
(ℳ > 1) without the formation of shocks. In closing, we stress once more that the model
under consideration herein is that of a parallel shock, for which the energy gain is given by
(2.16) [26, 133].2

2.1.4. Acceleration in the presence of a photon background
With the motivation loaded we can now look at the calculations. The UHECR emission
from starbursts is attributed to shock accelerated particles. We describe the acceleration
of these particles through the energy gain g ≡ dE/dt. We consider acceleration at
superwind-embedded shocks in which the gain gSW can be described by

gSW =

ξE
,
Tcycle

(2.12)

2 Note

that the conventions to identify parallel and perpendicular shocks followed throughout this paper
are those in [133] and reversed from those adopted in [26].
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where



Tcycle

1
1
+
= 4κ
u1 u2


(2.13)

is the duration of each acceleration cycle,
4
ξ ∼ (u1 − u2 )
3

(2.14)

is the fractional energy gain per encounter,
1
1 E
κ = RL ∼
3
3 ZeB

(2.15)

is the diffusion coefficient, RL is the Larmor radius, and u1 and u2 are the upstream and
downstream gas velocities [134, 135]. For simplicity, we demand that any two shocks do
not propagate simultaneously. Studies of more general set-ups, with shock correlation
effects, are underway and will be presented elsewhere. For typical superwind parameters
u2 = u1 /4 and u ≡ u1 ∼ 1.8 × 103 km/s, the energy gain
(Z)

gSW (B) =

3
ZeBu2 ,
20

(2.16)

produces a linear increase of energy as a function of time
(Z)

ℰ(E0 , t0 , t) = E0 + gSW (t − t0 ),

(2.17)
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for a fixed magnetic field.3 Thus, for an accelerator of size RSW ∼ 8 kpc, the maximum
energy is
(Z)

Emax ∼ gSW ∆t ,

(2.18)

where ∆t = t − t0 . For a single shock, we have ∆t = RSW /u. Substituting this relation into
(2.18) leads to the Hillas maximum rigidity [138]

ℛ H,max



B
∼ 10 (u/c)
µG
9

 



RSW
GV .
kpc

(2.19)

To develop some sense of the orders of magnitude involved, we assume that M82 and
NGC 253 typify the nearby starburst population. The magnetic field B carries with it an
energy density B2 /(8π), and the flow carries with it an energy flux > uB2 /(8π). This sets a
lower limit on the rate at which the energy is carried by the out-flowing plasma,

LB ∼

1
u R2SW B2 ,
8

(2.20)

and which must be provided by the source. The flux carried by the outgoing plasma
is a model dependent parameter, which can be characterized within an order of magnitude. More concretely, 0.035 . LB /LIR . 0.35, where LIR ∼ 1043.9 erg/s is the infrared
luminosity [139]. The lower limit of LB corresponds to the estimate in [139] considering
a supernova rate of 0.07 yr−1 , whereas the upper limit concur with the estimate in [140],
and could be obtained considering a supernova rate of 0.3 yr−1 [141] while pushing other
model parameters to the most optimistic values. The relation (2.20) yields a magnetic field

3 The

inferred value of u from cold and warm molecular and atomic gas observations is smaller than our
fiducial value [136]. However, it is important to stress that the emission from the molecular and atomic
gas most likely traces the interaction of the superwind with detached relatively denser ambient gas
clouds [99], and as such it is not the best gauge to characterize the overall properties of the superwind
plasma [137].

36

2. the origin of cosmic rays
strength in the range
15 . B/µG . 150 .

(2.21)

Radio continuum and polarization observations of M82 provide an estimate of the magnetic
field strength in the core region of 98 µG and in the halo of 24 µG; see e.g. the equipartition B
map in Fig. 16 of [142]. Averaging the magnetic field strength over the whole galaxy results
in a mean equipartition field strength of 35 µG. Independent magnetic field estimates from
polarized intensities and rotation measures yield similar strengths [143]. Comparable field
strengths have been estimated for NGC 253 [144–147] and other starbursts [148]. Actually,
the field strengths could be higher if the cosmic rays are not in equipartition with the
magnetic field [149]. In particular, mG magnetic field strengths have been predicted [150]
and measured [151] in the starburst core of Arp 220. The cosmic ray population in the
starburst is dominated by the nearest accelerators in time/space to the position of interest,
thus breaking a direct relation between average fields and mean cosmic ray population [152].
Up to mG field strengths are consistent with the gamma-ray and radio spectra in the
gas-rich starburst cores of NGC 253 and M82 [153]. Besides, the field strength in the halo
of M82 and NGC 253 could be as high as 300 µG [154–156]. In our calculations we adopt
the range given in (2.21).
Substitution of (2.21) into (2.19) leads to 108.9 . ℛ H,max /GV . 109.9 . Taking this at face
value, one would tend to interpret that starburst superwinds struggle to accelerate light
nuclei (Z . 8) up to the highest observed energies [101]. Note, however, that in the case of
multiple shocks the time scale ∆t is not constrained by the ratio of the size of the accelerator
to the shock velocity, but rather by the lifetime of the source ∆t ∼ τ [96, 98]. Then, for
UHECRs experiencing the effect of multiple shocks, the maximum rigidity is set by the
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Larmor radius,
9
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(2.22)

with an external constraint set by the energy loss. It is this that we now turn to study.
The final energy after the acceleration process for a fixed species (A, Z) is given by the
competition between the superwind acceleration and the possibility that a given nucleus
suffers a photodisintegration and becomes a new species (A0 , Z0) after loosing one or several
nucleons. A nucleus injected into the superwind at a time t0 has probability dP = f(t0 , t)dt
to suffer a photodisintegration in the time in the interval [t, t + dt], where
f(t0 , t) =

ℱ (t0 , t)
,
τ[ℰ(E0 , t0 , t)]

 ∫t

ℱ (t0 , t) = exp −

t0

(2.23a)

dt0
,
τ(ℰ(E0 , t0 , t0))



(2.23b)

and τ(E) is the mean free path for the nucleus at a given energy. The accelerating nucleus
will gain energy until it eventually suffers a photodisintegration at a time t distributed
following (2.23a).
The photodisintegration rate depends on the energy density of the ambient radiation
field. This is governed by the spatial distribution of photons, including both those from
the cosmic microwave background (CMB) and stellar radiation fields. For compact regions
near the galaxy core, starbursts exhibit an energy density in their stellar radiation fields
which may exceed (or be comparable to) that of the CMB, but at the superwind scale RSW
starlight is expected to have a negligible energy density compared to that of the CMB [157,
158]. For our calculations, the contribution from the stellar radiation is unimportant and
therefore neglected.
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In order to describe the energies that can be achieved through superwind acceleration,
we consider the probability dP = h(E0 , E)dE for the photodisintegration to happen at an
energy in [E, E + dE]. Comparing with (2.23), the distribution for the final energy is
h(E0 , E) =

ℋ (E, E0 )
(Z)

,

(2.24a)

gSW τ(E)

ℋ (E0 , E) = exp −

∫E
E0

dE0
(Z)

!
.

(2.24b)

gsw τ(E0)

The CMB mean free path is described as [26]

 −1
∫
J(ε)
c  m 3 ∞
dε
,
τ(E) =
ε/kT 0 (E) − 1
4π2 hcE
0 e


(2.25)

where T 0(E) = 2ET /Amc2 , m is the proton mass, T is the CMB temperature,

∫ε
J(ε) =

ε0σ(ε0)dε0 ,

(2.26)

0

and where σ(ε0) is the cross-section for photo-disintegration by a photon of energy ε0 in
the rest frame of the nucleus. The ℋ functions have a decreasing sigmoid shape, as can
be seen in Fig. 2.1. This allows to define a cutoff energy Ec at the point of their largest
decrease rate, which corresponds to the peak of the h functions, shown in Fig. 2.1 as well.
This condition reads
dℋ (E0 , E)
Ec = arg max −
= arg max h(E0 , E).
dE
E>E0
E>E0





(2.27)

It can be rewritten in terms of the mean free path as
(Z) dτ(E)

1 + gsw

dE

= 0,

(2.28)

E=Ec
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Figure 2.1.: Survival probability (left) and probability density for the energy at which the
photodisintegration happens (right), for the four considered nuclei.

Figure 2.2.: Cutoff energy as a function of the magnetic field for the four considered nuclei
(left), and parameter space for the source for a maximum energy of 1011 GeV, and limits
(dashed) imposed by CMB photodisintegration (right).
where the independence of Ec on E0 has been made explicit. The values of the cutoff
energy are shown in Fig. 2.2 for the region of interesting B-strengths.

The dispersion

around the peak of h suggests that particles of energies above Ec might be achieved at
the source. In Fig. 2.2 we show bands containing the 68% of the probability (i.e. such
that ℋ ∼ 0.16 and ℋ ∼ 0.84), which means that nuclei have around 16% probability of
reaching energies above (below) the top (bottom) band. Further calculations show that
nitrogen nuclei have a probability of around 7% of reaching energies above 1010.95 eV and 1
% above 1011 GeV for B ∼ 150 µG. The sharp suppression of the probability function with
rising energy can accommodate a steeply falling spectrum if silicon-type nuclei are much
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less abundant than CNO-type nuclei. A detailed study of this function with predictions on
nuclear composition to accommodate the observed spectrum on Earth will be presented
elsewhere.
The relevance of CMB photodisintegration at a certain source depends on the interplay
between the lifetime of the source and the mean free path. For short living sources, the
energies achieved will not be high enough for the CMB to play a role, and the maximum
energy for a certain species will be determined solely due to the lifetime τ and the magnetic
field B as in (2.18). This relation, equivalently written as B ∝ Emax /τ, allows to study the
parameter space (τ, B) that would allow to reach a certain energy Emax . Nevertheless, as the
lifetime increases, the available energies will be limited by photodisintegration processes
and, given a maximum energy, it will not always be possible to find a pair (τ, B) able to
provide such energy, since the CMB interactions would produce a cutoff before that energy
is reached. In Fig. 2.2 we explore this parameter space for a maximum energy of 1011 GeV.
The continuous lines follow (2.18), while the dashed lines define the regions (on the right)
that are not accessible due to the previous criterion. It can be seen that on average no pair
(τ, B) would be able to accelerate helium or nitrogen nuclei above that energy, while the
opposite is true for silicon and iron nuclei.

2.1.5. Conclusions
In summary, we have re-examined the acceleration of UHECRs in starburst superwinds
endowed with multiple, non-simultaneous, propagating shocks. Particles gain energy
when they pass through the shock back and forth after being scattered by the flowing
plasma. To calculate the maximum energy we must consider not only particles which are
accelerated by a single shock but also particles which undergo many shock encounters,
each of which further accelerates the particles. There are two length scales which are
important for particle acceleration by multiple shocks: the mean free path for high energy
particles and the distance between shocks in the superwind. In our approximation, only
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the first scale is relevant. We have shown that the particle’s maximum energy is set by a
balance equation driven by the source lifetime and UHECR interactions with the CMB. This
gives specific characteristics for the source emission spectra, providing a new interpretation
of the observed suppression in the UHECR spectrum.
Up until now, there were two competing classes of models to explain the observed
suppression in the energy spectrum. The competing models are: (i) the GZK cutoff
due to the UHECR interaction with the CMB during propagation [27, 28], and (ii) the
disappointing model [108, 109] wherein it is postulated that the end-of-steam for cosmic
accelerators ∝ Emax /Z is coincidentally near the putative GZK cutoff. More concretely,
conventional UHECR source models presuppose that particle acceleration takes place
at sites distributed similarly to the matter distribution in the universe, with energy loss
processes during propagation leading to the observed flux suppression (GZK cutoff).
However, the most recent data seem to indicate that the uppermost end of the cosmic ray
energy spectrum is dominated by nucleus-emitting- sources, possibly within the GZK
horizon, for which the upper limit of particle acceleration almost coincides with the energy
of the GZK suppression. In contrast to conventional expectations, models in category (ii)
suggest that the emission of these sources would be characterized by a harder power-law
spectrum with the different mass components exhibiting a rigidity-dependent maximum
injection energy Emax /Z of a few EeV. Herein, we have introduced an alternative possibility
(iii) in which the maximum energy is driven by GZK interactions, but as in (ii) the observed
suppression of the energy spectrum mainly stems from the source characteristics rather
than being the imprint of particle propagation through the CMB. Note that (iii) is markedly
different from (ii) because the maximum energy of acceleration capability of the sources
grows linearly in Z, while the energy loss per distance traveled decreases with increasing
A.
Class (iii) models have very particular predictions, which can be easily distinguished
from those in models of class (ii). For example, if the local distribution of sources dominates
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the spectrum beyond the suppression, as suggested by anisotropy studies, our new
interpretation for the origin of the spectral cutoff explains naturally why the maximum
energy observed on Earth coincides with that expected from a uniform distribution of
sources but with UHECR nuclei propagating over cosmological distances. Moreover, the
best fit to the observed spectrum and nuclear composition yields a proton maximum
p

energy Emax = Emax /Z ∼ 109.5 GeV [120, 121]. This in turn gives a maximum energy for
10.5 GeV, which is below the observed suppression in the energy
CNO species of ECNO
max ∼ 10

spectrum [105, 106], and therefore below the energy cutoff in the anisotropy analysis of [23].
Now, the typical values of the deflections of UHECRs crossing the Galaxy are



E
θ ∼ 10 Z
10
10 GeV
◦

 −1

,

(2.29)

and therefore it is challenging to accommodate anisotropy patterns with Z & 8 nuclei [159].
As we have shown, CNO species can be accelerated in starburst superwinds to the maximum
observed energies.
Altogether, this provides a compelling case demonstrating that there is strong evidence
favoring UHECRs origin in starburst superwinds.

2.2. Toward a robust inference method for the likelihood of low-luminosity
gamma-ray bursts to be progenitors of ultrahigh-energy cosmic rays
correlating with starburst galaxies
Very recently, the Pierre Auger Collaboration reported a 4.5σ correlation between the arrival
directions of the highest energy cosmic rays and nearby starburst galaxies. The cosmic
rays producing the anisotropy signal have been proposed to originate in low-luminosity
gamma-ray bursts (llGRBs). On the basis of the well-justified assumption that at redshift
z < 0.3 the host metallicity is a good indicator of the llGRB production rate, we show that
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the association of llGRBs and the starbursts correlating with Auger data is excluded at the
90% confidence level.

2.2.1. Introduction
By now, it is well-established that galactic-scale outflows of gas (generally called starburstdriven superwinds) are ubiquitous in galaxies in which the global star-formation rate per
unit area exceeds roughly 10−1 M yr−1 kpc−2 [160]. These flows are complex, multiphase
phenomena powered primarily by massive star winds and by core collapse supernovae
(SNe), which collectively create hot (T . 108 K) bubbles of metal-enriched plasma within
the star forming regions. The over-pressured bubbles expand at high-velocity sweeping up
cooler ambient gas and eventually blow out of the disk into the halo. Starburst superwinds
then provide a commonplace for the formation of collisionless plasma shock waves in
which charged particles can be accelerated by bouncing back and forth across the shock up
to ultrahigh energies [96]. Experimental data support this prediction: the Pierre Auger
Collaboration reported a 4.5σ significance correlation between the arrival direction of
cosmic rays with energy above 38 EeV and a model based on a catalog of bright starburst
galaxies [23, 75]. In the best-fit model, 11+5
% of the cosmic-ray flux originates from
−4
◦

these objects and undergoes angular diffusion on a scale ϑ ∼ 15+5
. The latter angular
−4
spread derives from a Fisher-Von Mises distribution, the equivalent of a Gaussian on the
sphere, and would correspond to a top-hat scale ϕ ∼ 1.59 × ϑ. Of course, readjustment of
superwind-free-parameters are necessary to accommodate Auger data [26, 98, 161].
However, it was recently put forward the idea that ultrahigh-energy-cosmic-ray acceleration in low-luminosity gamma-ray bursts (llGRB) could be the origin of the fraction of
Auger events which correlates with starburst galaxies [130]. In this work we show that
the association of llGRBs with the starbursts generating the anisotropy signal found in
Auger data is disfavored by observation. Before proceeding, we pause to note that whether
llGRBs would satisfy the power requirements to accelerate cosmic rays up to the highest
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observed energies may be up for debate [162–164].
The layout of the paper is as follows: in Sec. 2.2.2 we discuss the sample of llGRBs and
starburst galaxies we have selected to study and conduct the statistical analysis; in Sec. 2.2.3
we draw our conclusions.

2.2.2. Data Analysis
We begin our study with an overview of the basic properties of the various GRB populations.
A detailed scrutiny of the BATSE catalog led to our current duration-based classification
system for GRBs: short GRBs (SGRBs) have burst durations of < 2 s, whereas long
GRBs (LGRBs) have burst durations of > 2 s [165]. GRBs can also be split according
to their luminosities into llGRBs (Liso < 1049 erg/s) and high-luminosity GRBs (Liso >
1049 erg/s) [166]. Herein, we also adopt the conventions of [167] to identify nearby (z < 0.3)
GRBs from those at intermediate redshift (0.3 < z < 1). We note, however, that recent
studies do not show a strong evidence suggesting that z < 0.3 GRBs would be, as a
population, different from the high-redshift one. Nevertheless, although one can find
many high-luminosity GRBs at z < 0.3, the llGRBs at z > 0.3 cannot be detected due to the
sensitivity of the gamma-ray detectors; see e.g. Fig. 1 in [168]. This last argument further
justifies our redshift selection criterion.
Over the last two decades a consensus formed that LGRBs are a product of a core-collapse
of a massive star [169] and that SGRBs have a different origin. Indeed, observations have
proved the SNe type Ic-BL

LGRBs connection beyond any reasonable doubt [170–172].

Type Ic are core-collapse stripped-envelope SNe, whose progenitor stars have lost most of
the hydrogen and helium in their outer envelopes prior to the collapse. Some SNe type Ic
are found to have very broad lines in their spectra (type Ic-BL), indicative of very fast ejecta
velocities.
Because GRBs are outlying and arise in small galaxies seldom monitored by high-angular
resolution surveys, it has not been and will likely not be possible in the near future to
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image the progenitor of a GRB, thus we are only able to figure out properties of the
progenitor star from its environment. There are several studies that seem to indicate
that GRB formation efficiency drops at high metallicity. For example, the host galaxies
of five nearby LGRBs (980425, 020903, 030329, 031203 and 060218, each of which had a
well-documented associated SN) are all faint and metal-poor compared to the population
of local star-forming galaxies [173]. Moreover, various analyses of GRB host morphologies
suggest a correlation between metallicity and LGRB occurrence rate; see e.g. [174, 175].
In addition, a systematic comparison of the host galaxies of broad-lined SNe Ic with and
without a detected GRB, indicates that a larger fraction of super-solar metallicity hosts are
found among the SNe Ic-BL without a GRB [176].
Models of stellar evolution further reinforce the metallicity bias for LGRB progenitors.
This is because the well-established correlation between LGRB and stripped-envelope SNe
points to carbon- and oxygen- rich Wolf-Rayet (WR) stars as the most promising progenitor
candidates [177, 178].4 WR stars emit winds that eject about 10M of material per million
years at speeds of up to 3, 000 km/s, resulting in the characteristic broad emission lines
in the spectra of these stars (normal stars have narrow emission lines). It is thought
that these powerful winds are driven by intense radiation pressure on spectral lines,
yielding a dependence of the wind-driven mass loss rate on surface metallicity [179, 180].
Thereupon, the surface rotation velocities of WR stars are expected to decrease at higher
stellar metallicities because of the higher mass loss rate [181]. For WR stars, the metallicities
characterizing their host environments can be adopted as the natal metallicities of the
stars themselves. This entails that the higher wind-driven mass loss rates in metal-rich
environments would remove from the massive WR stars too much angular momentum,
inhibiting them from rotating rapidly enough to produce a LGRB [177, 182]. All in all, the
data seem to indicate that LGRBs should be confined to low-metallicity environments.
Though a priori there is no reason to assume that LGRBs and llGRBs are related, the
4 WR

stars are highly luminous massive objects which are at an advanced stage of stellar evolution and
losing mass at a very high rate.
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similarity of their associated SNe implies that llGRBs and LGRBs have similar progenitors
and similar inner explosion mechanism [183]. In light of the preceding discussion, it seems
reasonable to assume that the metallicity of the host environment would also be a good
discriminator of llGRB progenitors. In what follows we compare the host metallicity of
nearby llGRBs with that of the starbursts dominating the signal in Auger data.
Before we can conduct the statistical analysis, we need to define our samples. The Auger
anisotropy search included a sample of 23 starburst galaxies with a flux larger than 0.3 Jy
selected out of the 63 objects within 250 Mpc search for γ-ray emission by the Fermi-LAT
Collaboration [184]. This selection was updated in [75] with the addition of the Circinus
Galaxy and sources selected from the HEASARC Radio Master Catalog.5 The number
of starbursts selected this way is 32. Here we consider 10 of these galaxies (including all
sources dominating the Auger anisotropy signal) for which the average metallicity has been
determined. It is important to note that some galaxies in the starburst sample have a double
starburst/AGN nature (e.g., Circinus, NGC 4945, NGC 1068). Given that so far, despite
efforts, no GRB host galaxy has been found to host an AGN, it may not come as surprising
if the two samples are not drawn from the same underlying probability distribution. We
consider all llGRB detected at z < 0.3. The metallicities of llGRB hosts are given in Table 2.1
and the metallicities of the starbursts are given in Table 2.2. Following [185], we have taken
log(Z/Z ) = log(O/H) − log(O/H) , with 12 + log(O/H) = 8.69 and Z = 0.019 being the
solar values [186].6
Before proceeding, some technical remarks are in oder to clarify our metallicity selection
criteria. Molecular gas in starbursts exists under conditions very different from those
found in most normal galaxies. Observations of starbursts suggest widespread gas volume
and column densities much higher than those typical of normal disks [208, 209]. The
nebular oxygen abundance is the canonical choice of metallicity indicator for studies of the
5 https://heasarc.nasa.gov/W3Browse/master-catalog/radio.html.
6 We

note that the precision of our phenomenological study is insensitive to any plausible change of the
solar metallicity, e.g., 12 + log(O/H) = 8.66 [187].
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GRB ID
980425
020903
031203
051109B
060218
060505
080517
100316D
111005A
171205A

Table 2.1.: Properties of nearby llGRBs.
log[Liso /(erg/s)] Redshift 12 + log(O/H)
46.67
0.008
8.3
48.92
0.251
8.0
48.55
0.105
8.1
48.22
0.080
···
46.78
0.033
8.1
48.85
0.089
8.4
48.52
0.089
8.6
47.75
0.059
8.2
46.78
0.013
8.6
47.50
0.037
8.4

References
[167, 173, 188]
[167, 188, 189]
[167, 188, 189]
[190]
[167, 188, 189]
[190, 191]
[192–195]
[189, 196, 197]
[192, 198, 199]
[200]7

Table 2.2.: Properties of nearby starburst galaxies.
Starburst ID
Distance (Mpc)
12+ log(O/H)
References
NGC 253
2.7
8.7
[23, 201, 202]
M82
3.6
8.8
[23, 185]8
NGC 4945
4.0
8.5
[23, 203]
M83
4.0
8.8
[23, 201, 202]
IC 342
4.0
8.8
[23, 202, 204]
Circinus
4.0
8.4
[205]9
NGC 6946
5.9
8.8
[23, 201, 202]
M51
10.3
8.8
[23, 201, 202]
NGC 891
11.0
8.7
[23, 206, 207]
NGC 1068
17.9
8.8
[23, 201, 202]
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interstellar medium since oxygen is the most abundant metal, only weakly depleted, and
exhibits very strong nebular emission lines in the optical wavelength range [210]. Extensive
analyses have been carried out to calibrate metallicity studies by using only strong emission
lines. One of the most frequently used metallicity diagnostics is the parameter
R23 = log10 {([Oii]λ3727 + [Oiii]λλ4959, 5007)/Hβ} ,

(2.30)

defined as the ratio of the flux in the strong optical oxygen lines to that of Hλ4861 [211];
notation conventions are those in [212]. However, a well-known problem of this metallicity
diagnostic is that the R23 vs. 12 + log(O/H) relation is double-valued, and so additional
information is required to break this degeneracy. Several methods have been developed to
remove the R23 degeneracy exploiting the [Nii], [Sii], and Hα lines; e.g.,
N2 = log10 {[Nii]λ6584/Hα} ,
O3N2 = log10 {([Oiii]λ5007/[Nii]λ6584) × (Hα/Hβ)} ,
y = log10 {[Nii]λ6584/[Siiλλ6717, 6731}
+ 0.264 log10 {[Nii]λ6584/Hα} ,

(2.31)

proposed in [213], [214], and [215]. Although an absolute calibration for metallicities
obtained through the strong-line methods remains uncertain [216], we may still use the
strong-line ratios to study the trend in metallicities between the llGRB hosts and starburst
galaxies in our sample. Indeed, the absolute metallicity scale varies up to ∆[log(O/H)] = 0.7,
depending on the calibration used, and the change in shape is substantial. It is critical
then to use the same metallicity calibration when comparing different metallicity relations.
Herein we adopt the O3N2 diagnostic with normalization as given in [214],
12 + log(O/H) = 8.73 − 0.32 × O3N2 ,

(2.32)
49

2. the origin of cosmic rays

Figure 2.3.: Vertical displacement between sample distribution functions.
and use the metallicity conversions given in [216], which allow metallicities that have been
derived using different strong-line calibrations to be converted to the same base calibration.
In Tables 2.1 and 2.2 we provide the best-fit values of the metallicities after conversion to
the same base calibration. Following [206], an uncertainty of 0.1 dex in the O/H number
abundance accounts for the typical dispersion between independent measurements. To
remain conservative, in our calculations we adopt the upper and lower end of the 1σ
metallicity range to characterize the llGRB and starburst samples, respectively. Concerning
GRB 051109B, it has been tentatively associated with a star-forming region in a spiral galaxy
which lacks of any strong emission features [217]. Therefore, we do not include this event
in our statistical analysis.
Next, we adopt the Kolmogorov-Smirnov (two-sample) test to check whether the two
data sets of metallicity are both drawn from the same underlying probability distribution,
but without assuming any specific model for that distribution [218, 219]. The calculations
that are involved in application of the Kolmogorov-Smirnov test are quite simple. We
begin by stating the null hypothesis ℋ0 : if fm (x) and gm (x) are samples of two underlying
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probability density functions f(x) and g(x), then
ℋ0 : f(x) = g(x) , ∀x .

(2.33)

The alternate hypothesis is that f(x) ≠ g(x). Now, given any sample from an unspecified
population, a natural estimate of the unknown cumulative distribution function of the
population is the empirical (or sample) distribution function (EDF) of the sample, defined, at
any real number x, as the proportion of sample observations which do not exceed x. For a
sample of size m, the empirical distribution function will be denoted by Fm (x) and may be
defined in terms of the order statistics X(1) 6 X(2) · · · 6 X(m) by

Fm (x) =




0





j/m





 1


if x < X(1)
if X(1) 6 x 6 X(j+1) , 1 6 j 6 m ,

(2.34)

if x > X(m)

i.e., Fm is the staircase function.
To form the test statistics D from the sample distribution functions Fm (x) and Gn (x) we
compute their maximum absolute difference over all the values of x,
D = max |Fm (x) − Gn (x)| .

(2.35)

x

Graphically, we may interpret this as the maximum vertical displacement between the two
sample distribution functions as indicated in Fig. 2.3.
Testing of the null hypothesis proceeds by comparison of D against critical values Dα
which are functions of the confidence level α and the sizes of the samples m, n [220]. We
may reject the null hypothesis ℋ0 at the (1 − α) confidence level if D > Dα . For the case
at hand, m = 9 and n = 10, the upper critical value of the 90% confidence level interval
is D0.1 = 5/9 [221]. Since the maximum difference between the EDFs shown in Fig. 2.3 is
D = 26/45, we infer that the null-hypothesis (the two metallicity samples belong to the
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same distribution) is excluded at the 90% confidence level. Therefore, on the basis of the
well-justified assumption that at redshift z < 0.3 the host metallicity is a good indicator
of the llGRB production rate, we can conclude that the association of llGRBs and the
starbursts correlating with Auger data is disfavored by observation.

2.2.3. Conclusions
We have used the metallicity of the llGRB host galaxies as a proxy to investigate whether
llGRBs can be the sources of the highest energy cosmic rays whose arrival directions
correlate with the celestial positions of nearby starburst galaxies. We have shown that the
association of llGRBs and the starbursts correlating with Auger data is excluded at the 90%
confidence level. We end with two observations:
• The first one builds upon the estimates in [127] and contributes to the debate on
the source power requirements. The Telescope Array Collaboration has reported
an excess of UHECR events over expectations from a random distribution in a
circle of 20◦ near M82 [124]. The hotspot energy flux in UHECRs with energies
E > E0 = 5.7 × 1010 GeV is estimated to be

∫∞
Fhs = Ω20◦

E Jhs (E) dE ' 1.7 × 10−8 ξ1.7 (GeV cm2 s)−1 ,

(2.36)

E0

where Ω20◦ ' 0.38 is the hot-spot solid angle and ξ1.7 parametrizes the uncertainty in
the energy dependence of the specific (number) intensity in the hotspot Jhs (E) [127].
The rms deflection angle for an UHECR of charge Ze is found to be
1/2

1/2

δrms ≈ 3.6◦ Z E−1
11 rkpc λkpc BµG,rms ,

(2.37)

where BµG,rms is the rms strength of the magnetic field in µG, E11 is the UHECR
energy in units of 1011 GeV, rkpc is the distance over which the magnetic fields act in
kpc, and λkpc is the magnetic-field coherence length also in units of kpc [126]. The
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scattering in the magnetic field also gives a time spread [222, 223], which is given by


τ ' 4.1

rkpc BµG
E11

2

λkpc Z2 yr ' 4.1



δrms
3.6◦

2

rkpc yr .

(2.38)

Because all the UHECR scattering occurs inside the Galaxy, we have rkpc ∼ 10 and
δrms ∼ 20◦ , yielding a dispersion of τ ∼ 103 yr in the UHECR arrival times. For a
source at a distance D, the required isotropic equivalent luminosity is Liso = 4πD2 Fhs
and so the isotropic-equivalent energy implied is Eiso > 1051 ξ1.7 erg. It is noteworthy
that llGRBs struggle to meet this constraint as they all have Eiso < 1050 erg [172, 173].
This is also the case for SNe with relativistic outflows but without GRB counterparts,
for which the observed isotropic-equivalent energy is on the order of 1049 erg [224–
226].
• We now comment on the possibility that the main hypothesis of our analysis is false;
namely, that the host metallicity is not a good indicator of the llGRB production
rate (see e.g. [227–229] for a discussion on other considerations that could affect
the LGRB production efficiency). In this direction, it is natural to envision the most
straightforward scenario, in which the llGRB rate is independent of all factors other
than the overall rate of star-formation itself. This would imply that a fixed fraction
of all newly-formed stars could explode as llGRBs without perception to any of the
chemical, physical, or other properties of the galaxy in which those stars formed. From
the observational viewpoint, this entails that llGRBs should stochastically sample the
locations of cosmic star-formation throughout the volume of the Universe in which
they can be observed. The probability that any given galaxy will host a llGRB during
some period of time would then be proportional to its star-formation rate. Now,
given the ubiquity of llGRBs in this simplistic scenario we can ask ourselves why the
correlation of UHECRs with starburst galaxies would be explained by the presence
of this common phenomenon. Rather there must be some other inherently unique
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feature(s) of starburst galaxies to account for this correlation. Starburst galaxies
represent about 1% of the fraction of galaxies containing star forming galaxies [230],
and the probability of SN explosions is about an order of magnitude larger in starbursts
than in normal galaxies, e.g., the SN rate for M82 is about 0.2 − 0.3 yr−1 [231] whereas
for the Milky Way is ∼ 3.5 ± 1.5 century−1 [232]. Note that these two effects tend
to compensate each other, and so if the anisotropy signal reported by the Auger
Collaboration originates in llGRBs (within this particular underlying scenario), then
when studying the correlation of UHECRs with the nearby matter distribution the
statistical significance must increase. However, when all sources beyond 1 Mpc (i.e.
effectively taking out the Local Group) from the 2MRS catalog are included as part
of the anisotropic signal in the analysis of [75] the significance level reduces from
4.5σ to 3.8σ. Altogether, the data yielding the anisotropy signal seem to favor a
production mechanism of UHECRs above 38 EeV which is exclusive to starbursts,
like Fermi-shock acceleration in starburst superwinds.
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c o s m i c r a y propagation in a
p h o t o n b a ckground

This chapter presents the influence of photon backgrounds like the solar radiation
field, the cosmic microwave background or the extragalactic background light
have on the propagation of cosmic rays from their source to the Earth, via
nuclear photo-disintegration. In particular, we explore the the application of this
effect to test violations of Lorentz invariance, and we point out the impact that
inaccuracies in the description of photo-disintegration cross sections have as we
try to understand the whole picture of cosmic ray production and propagation.
Published works
“New test of Lorentz symmetry using ultrahigh-energy cosmic rays”. In: Phys. Rev. D 97 (4
Feb. 2018), p. 043010. doi: 10.1103/PhysRevD.97.043010.
“Photo-disintegration of 4 He on the cosmic microwave background is less severe than earlier
thought”. In: Phys. Rev. D 98 (4 Aug. 2018), p. 043001. doi: 10.1103/PhysRevD.98.043001.

3.1. New test of Lorentz symmetry using ultrahigh-energy cosmic rays
We propose an innovative test of Lorentz symmetry by observing pairs of simultaneous
parallel extensive air showers produced by the fragments of ultrahigh-energy cosmic ray
nuclei which disintegrated in collisions with solar photons. We show that the search
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for a cross-correlation of showers in arrival time and direction becomes background free
for an angular scale . 3◦ and a time window 𝒪(10 s). We also show that if the solar
photo-disintegration probability of helium is 𝒪(10−5.5 ) then the hunt for spatiotemporal
coincident showers could be within range of existing cosmic ray facilities, such as the Pierre
Auger Observatory. We demonstrate that the actual observation of a few events can be
used to constrain Lorentz violating dispersion relations of the nucleon.

3.1.1. Introduction
Ever since Greisen, Zatsepin, and Kuzmin (GZK) pointed out that the pervasive radiation
fields make the universe opaque to the propagation of ultrahigh-energy (E & 109 GeV)
cosmic rays (UHECRs) [27, 28], it became evident that the actual observation of the GZK
effect would provide strong constraints on Lorentz invariant breaking effects. This is
because if Lorentz invariance is broken in the form of non-standard dispersion relations
for various particles, then absorption and energy loss processes for UHECR interactions
would be modified; see e.g. [233–241]. In particular, the GZK interactions (photo-pion
production and nucleus photo-disintegration) are characterized by well defined energy
thresholds (near the excitation of the ∆+ (1232) and the giant dipole resonance, respectively),
which can be predicted on the basis of Lorentz invariance. Therefore, the experimental
confirmation that UHECR processes occur at the expected energy thresholds can be
considered as an indirect piece of evidence supporting Lorentz symmetry under colossal
boost transformations.
A suppression in the UHECR flux at E & 1010.6 GeV has been established beyond no
doubt by the HiRes [104], Auger [105], and Telescope Array (TA) [107] experiments. By
now (in Auger data) the suppression has reached a statistical significance of more than
20σ [106]. This suppression is consistent with the GZK prediction that interactions with
universal photon fields will rapidly degrade the energy of UHECRs. Intriguingly, however,
there are also indications that the source of the suppression may be more complex than
56

3. cosmic ray propagation in a photon background
originally anticipated.
Observations of the rate of change with energy of the mean depth-of-shower-maximum
Xmax seem to indicate that the cosmic ray composition becomes lighter as energy increases
toward E ∼ 109.3 GeV from below [242], fueling a widespread supposition that extragalactic
cosmic rays are primarily protons. However, Auger high-quality, high-statistics data, when
interpreted with the leading LHC-tuned shower models, exhibit a strong likelihood for
a composition that becomes gradually heavier with increasing energy; namely, 1.5 .
hln Ai . 3, for 109.5 . E . 1010.6 [112–114, 116]. Within uncertainties, the data from TA are
consistent with these findings [110, 117]. For E & 1010.6 GeV, the indication of an anisotropy
at an intermediate angular scale of 13◦ (significant at the 4.0σ level1 ) [243] points to a
similar nuclear composition. Note that for E/Z = 1010 GeV, typical deflections of UHECRs
crossing the Galaxy are about 10◦ , where Ze is the nucleus charge [244].
For a uniform source distribution, the simultaneous fit to the UHECR spectrum and
composition (Xmax and its fluctuations) imposes severe constraints on model parameters:
(i) hard source spectra and (ii) a maximum acceleration energy Emax . 109.7 Z GeV [120, 121,
245]. Hence, under the assumption of a uniform source distribution, the data seem to favor
the so-called “slshape disappointing model” [109] wherein it is postulated that the “end-of
steam” for cosmic accelerators is coincidentally near the putative GZK cutoff, with the exact
energy cutoff determined by data. This interpretation encompasses a radically different
viewpoint in which the maximum energy of the most powerful cosmic ray accelerators
would be observed for the first time, and therefore could call into question limits on the
violation of Lorentz invariance deduced using the observed suppression in the UHECR
spectrum [246–248].
Very recently, one of us put forward a multi-dimensional reconstruction of the individual
emission spectra (in energy, arrival direction, and nuclear composition) to study the
hypothesis that primaries are heavy nuclei subject to GZK photo-disintegration, and to
1 The

significance of this a posteriori study does not account for the previous searches made within the Auger
Collaboration and those made by others.
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determine the nature of the extragalactic sources [249]. In this paper we introduce an
alternative approach to probe Lorentz invariance using UHECRs. We propose to search
for a cross-correlation in arrival time and direction of the secondary nucleon (of energy
E/A) produced via photo-disintegration of an UHECR nucleus (of energy E and baryon
number A) and the associated surviving fragment (of baryon number A − 1). Such a
correlation study is possible because: (i) the Lorentz factor (which is equivalent to energy
per nucleon) is conserved for photo-disintegration and (ii) the trajectory of cosmic rays
within a magnetic field is only rigidity-dependent; the relevant quantity for the separation
among fragments (hereafter identified with subindices 1 and 2) is |Z1 /A1 − Z2 /A2 |.
A simple dimensional argument constrains the distance to the photo-disintegration
site. Assuming the energy difference between nucleons inside the nucleus is given by the
binding energy E0 ∼ MeV, the difference in velocity of the secondary products is

δv =

p

2E0 /M ∼

p

10−3 /A ,

(3.1)

where M ' A GeV is the mass of the parent nucleus. The difference in the time of flight of
the secondary products is then

δt ∼ δL =

(L/Mpc)
δv × 1024 cm ,
γ

(3.2)

where L is the distance to the photo-disintegration site and γ (= E/M at Earth) contracts
this length. For a simultaneous observation of the two secondaries at Earth, we demand
δL . 2 R⊕ (∼ 109 cm), which yields
1014
γ∼ √
(L/Mpc) .
10 A

(3.3)

For the particular range 109 . γ . 1010 , which spans the UHECR spectrum, (3.3) constrains
the photo-disintegration site to a distance . kpc. It has long been known that UHECR
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nuclei scattering off the universal radiation fields have a mean free path  kpc [250].
Moreover, we know the devil is in the detail and so the number of GZK interactions
which would lead to a simultaneous observation of their secondary products on Earth is
essentially negligible.

3.1.2. Photo-disintegration in the solar radiation field
Of particular interest here, UHECR nuclei en route to Earth also interact with the solar
radiation field and photo-disintegrate [251, 252]. The nuclear photo-disintegration process
has two characteristic regimes. There is the domain of the giant dipole resonance (GDR),
where a collective nuclear mode is excited with the subsequent emission of one (or
possible two nucleons), and the high energy plateau, where the excited nucleus decays
dominantly by two nucleon and multi-nucleon emission. The energy range of the GDR
in the nucleus rest frame spans 10 . ε0/MeV . 30, and the plateau extends up to the
photo-pion production threshold (i.e., photon energy ε0 ∼ 150 MeV).
The background radiation field can be described by a Planckian spectrum, with a
temperature of the solar surface Ts ' 0.5 eV, normalized to reproduce the solar luminosity,

∫

L = 4πr2 c dε ε dn/dε, yielding

 r  −2
ε2
dn
= 7.2 × 107
(eV cm)−3 ,
dε
AU
exp(ε/Ts ) − 1

(3.4)

where r is the spherical radial coordinate centered at the Sun. In the rest frame of the
nucleus, the energy ε of the solar photons (in the rest frame of the Sun) is highly blue-shifted
to
ε0 = εγ(1 + β cos α) ∼ 2γ ε c2α/2 ,
where β =

p

(3.5)

1 − 1/γ2 ∼ 1 and cα/2 = cos(α(`)/2), and where α(`) is the angle between the

momenta of photon and nucleus in the Sun’s reference frame, with ` the coordinate along
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the path of the nucleus; i.e., cos α = `ˆ · r̂.
The GDR cross section in the narrow width approximation is

σ(ε) =

π
σ0 Γ δ(2γ ε c2α/2 − ε0 ) ,
2

(3.6)

where Γ and σ0 are the GDR width and cross section at maximum; the factor of 1/2 is
introduced to match the integral (i.e. total cross section) of the Breit-Wigner and the
delta function [253]. Fitted numerical formulas are σ0 = 1.45A mb, Γ = 8 MeV, and
ε0 = 42.65A−0.21 MeV for A > 4 and ε0 = 0.925A2.433 MeV for A 6 4 [254]. In the high
energy regime the cross section is well approximated by σ(ε) ≈ A/8 mb.
All in all, the probability that a nucleus photo-disintegrates on the solar radiation along
its path towards the Earth is found to be

 ∫∞



1
,
d`
λ(`)

(3.7)

dn
2 c2α/2 dε
dε

(3.8)

ηA = 1 − exp −
0

where
1
=
λ(`)

∫∞
σ(ε)
0

is the inverse photo-disintegration mean-free-path [255]. Integration of (3.7) yields:
10−5 . ηA . 10−4 for iron, and 10−6 . ηA . 10−5 for helium and oxygen. These values of
ηA are in agreement with the estimates in [255–257].
Since the secondary fragments have slightly different rigidities the deflection in the
interplanetary magnetic field will result in two separate extensive air showers, arriving
essentially at the same time and from the same direction in the sky [255, 256]. More
specifically, the average separation of the shower on Earth can be parametrized by [257]

hδLiA

Z1 Z2
= 4A
−
A1 A2



E
10
10 GeV

 −1

km ,
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where E is the energy of the parent nucleus. The average separation of showers as estimated
in [256] is somewhat smaller. For a given experiment, each nuclear species has a critical
energy above which hδLiA would be comparable to the size of the instrumented area. As
benchmark we consider a 3, 000 km2 array of detectors, with a spacing of about 1.5 km. For
4 He,

(3.9) yields hδLiHe ∼ 50 km at E ∼ 109.3 GeV. However, for 56 Fe, at the same energy

(3.9) leads to hδLiFe ∼ 260 km, and so the separation distance between the showers would
be out of detection range.
Because the intensity of cosmic rays is steeply falling with energy, contributions from the
counting rate at the critical energy dominate the integrated event rate. Existing estimates
of the event rate at UHECR facilities [255–258] are subject to large uncertainties, mainly
because ηA and hδLiA depend strongly on A and the nuclear composition of UHECRs is
poorly known.
Herein, we assume a nuclear composition dominated by helium at E & 109.3 GeV
that becomes gradually heavier with increasing energy; see e.g. Fig. 4 of [121]. We
further assume that the photo-disintegration probability of helium on the solar photons is
ηHe ∼ 10−5.5 . These two assumptions together lead to an expected integrated flux of
dF
(E > 109.3 GeV) ∼ 3 × 10−5 km−2 sr−1 yr−1 ,
dt dΩ dA

(3.10)

where E denotes the energy of the parent nucleus. This flux is in agreement with the one
shown in Fig. 3 of [256]. Moreover, as exhibited in Fig. 2 of [256], for ηHe ∼ 10−5.5 and
E & 109 GeV, we have 20 . hδLiHe /km . 50. The flux derived herein, using a helium
saturated spectrum above 109.3 GeV, is larger than the intensity derived in [257] using the
spectrum of [259]. Whichever flux calculation one may find more convincing, it seems
most conservative at this point to depend on experiment (if possible) to resolve the issue.
The 3, 000 km2 surface detector array of the Pierre Auger Observatory is fully efficient at
E & 109.5 GeV [260]. From January 2004 until December 2016 this facility has accumulated
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an exposure [243]
ℰ(E > 109.5 GeV) = 6.7 × 104 km2 sr yr .

(3.11)

At lower energies, the trigger efficiency of the surface detector array decreases smoothly
and becomes roughly 30% at 108.7 GeV [260]. To get a rough estimate of the exposure
available to probe spatiotemporal correlations of air showers in an experiment like Auger
we scale down ℰ(E > 109.5 GeV) by a factor of 0.3. This leads to
ℰ(108.7 < E/GeV < 109.3 ) & 2 × 104 km2 sr yr .

(3.12)

For 4 He, ∆E = E2 − E1 ∼ 3γ GeV. For E > 109.3 GeV, (3.10) and (3.12) lead to an expected
integrated rate which is consistent with 1 event.

3.1.3. Probabilistic coincidence analysis
It is clear that for a signal 𝒪(1) event we must learn how to properly conduct background
rejection to ascertain whether the observation of a few events is due to physics or statistics.
Moreover, to calculate a meaningful statistical significance in the shower cross-correlation
analysis, it is important to define the search procedure a priori in order to ensure it is not
inadvertently devised especially to suit the particular data set after having studied it. With
the aim of avoiding accidental bias on the number of trials performed in selecting the cuts,
we now conduct a phenomenological analysis of the potential background to define the
angular and temporal cuts.
We start by selecting a reference direction on the sky d0 . We define θ as the angle
between d0 and other direction on the sky d. We define φ as the angular distance between
a reference axis, placed on the normal plane to the vector pointing in the direction d0 ,
and the projection on that plane of a vector pointing towards d. With this construction,
θ ∈ [0, π] and φ ∈ [0, 2π].
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The expected fraction of events that will be contained in a cap of the sphere of within an
angle α to the direction d0 , for all φ, and in a time interval t is
t
f(α, t) =
T

∫ 2π

∫α
dφ

0

dθ
0

1
1 t
sin θ =
(1 − cos α) ,
4π
2 T

where T is the time span for the experiment. In a sample of N events, we expect
µ(α, t) = Nf(α, t) events in the angle-time window defined above. The actual number of
events in that window will be distributed following a Poisson distribution of mean µ(α, t).
The probability of observing k events in an angle-time window is then

pk (α, t) =

e−µ(α,t) µ(α, t)k
.
k!

(3.13)

In Fig. 3.1 we show the function log10 p2 (α, t), for α ∈ [0◦ , 3◦ ] and t ∈ [0 s, 10 s], which gives
the probability of measuring 2 events in an angle-time window specified by the pair (α, t).
Since

Í∞

k=3 pk (α, t)

p2 (α, t)

. 10−6

(3.14)

in our (α, t) range of interest, p2 (α, t) practically accounts for the probability of having not
only two, but any amount of events above one.
The quantity p2 (α, t) is then the p-value for observing a coincidence of two detections in
a background only hypothesis. To quantify this in a more comprehensible way, one can
use the usual relation between p-values and σ levels following a normal distribution





1
z
p=
1 − erf √
2
2



,

(3.15)

being z the number of standard deviations from the mean. The relation between p and
z is shown in Fig. 3.2. One can check by inspection that for the whole range of α and t,
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Figure 3.1.: log10 p2 (α, t) for different total number of events (from left ro right N =
104 , 105 , 106 ), and different lifetimes of the experiment (from top to bottom T /yr =
5, 10, 20). T = 10 yr and T = 20 yr are scales compatible with Auger, while T = 5 yr is an
approximation for the life span of the prospective experiment POEMMA [261].
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Figure 3.2.: Relation between the p-value and z, for a normal distribution.
the p-value for observing two or more events together in a small angle-time window is a
more than 5-sigma effect against the background. Hence, the actual observation of a few
pairs of cross-correlated events would become the smoking gun to set model independent
constraints on Lorentz invariance violation.

3.1.4. Modified dispersion relations
Strictly speaking, a nucleus with baryon number A and charge Ze would have a nonstandard dispersion relation of the form

E2A,Z

=

p2A,Z

+

M2A,Z

+ ζA,Z

pn+2
A,Z
Mn
Pl

,

(3.16)

where EA,Z is the nucleus energy, pA,Z is the absolute value of its 3-momentum, and
MA,Z its mass. Here, MPl ≈ 1019 GeV is the Planck mass and ζA,Z are Lorentz-violating
parameters of the nucleus. In the rest frame of the Sun we assume that only baryons have
non-standard dispersion relations (note that the solar photon fields have too low energy
for Lorentz invariant breaking effects to be relevant in their dispersion relations) and so
one can easily obtain a threshold relation, which constrains the ζA,Z coefficients when
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confronted with data. Actually, since we expect nuclear physics to have negligible Lorentz
breaking effects we can write ζA,Z = ζ/A2 , where ζ regulates deviations from Lorentz
symmetry of the nucleon. The baryon number A of the original disintegrated nucleus can
simply be determined by estimating the energies of the primaries of the two air showers,
A = 1 + E2 /E1 , where E1 is the energy of the less energetic shower. With the < 20% energy
resolution achieved by the Pierre Auger Observatory [262], the estimation of A is obtained
√
with a resolution σ(A)/A < 0.2 2(1 − 1/A), which is around 20% for a Helium primary,
or σ(A = 4) ∼ 0.85, allowing its differentiation from other primaries with A around 4.
This provides an univocal (model independent) determination of the nuclear composition
and thereupon bounds the threshold energy interval to be compatible with experimental
results on photo-nuclear interactions [263–272].
For 4 He, the photo-excitation cross section of the GDR has a threshold ε0th ≈ 20 MeV [273].
The GDR decays by the statistical emission of a single nucleon, leaving an excited daughter
nucleus (A − 1)∗ . The probability for emission of two (or more) nucleons is smaller by an
order of magnitude. The excited daughter nuclei typically de-excite by emitting one or
more photons of energies 1 . 0/MeV . 5, in the nuclear rest frame [253]. For simplicity,
herein we neglect the de-excitation process and consider the photo-disintegration reaction
with two incoming particles (nucleus + photon) and two outgoing particles (nucleus +
nucleon). Though we are primarily interested in helium photo-disintegration, the ensuing
discussion will be framed in a general context. The energy-momentum 4-vectors for the
four particles in the rest frame of the Sun are: (E, p), for the incoming nucleus; (ε, k), for
the photon; (E1 , p1 ), for the nucleon; and (E2 , p2 ), for the outgoing nucleus. The relation
describing the conservation of energy and momentum is given by
(E + ε)2 − (p + k)2 = (E1 + E2 )2 − (p1 + p2 )2 .

(3.17)

We are interested in studying the energy thresholds for which the relation (3.17) holds.
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According to the threshold theorem, at an upper or lower threshold the incoming particle
momenta are always anti-parallel and the final particle momenta are parallel [274]. This applies
for dispersion relations E(p) depending on p ≡ |p|, and being a monotonically increasing
function of that variable, when energy and momentum are conserved additive quantities.
Then, to obtain the threshold conditions, one can make use of p · k = −p k and p1 · p2 = p1 p2 .
Since we neglect Lorentz invariant breaking effects on the solar photon fields we take ε = k.
In threshold conditions the reaction is collinear and so p − k = p1 + p2 . Since k is much
smaller than the other momenta, we have p ≈ p1 + p2 . Following [240], we define p2 = 𝜘p
and p1 = (1 − 𝜘)p, with 0 < 𝜘 < 1. Now, neglecting the mass difference between the proton
and the neutron (MA,Z = A mp , where mp is the proton mass), the energy conservation
relation is found to be

ξA (1) +

i
p
2ε h
1 + 1 + ξA (1)
p

= 𝜘2 ξA−1 (𝜘) + (1 − 𝜘)2 ξ1 (1 − 𝜘) + 2𝜘(1 − 𝜘)

hp

1 + ξA−1 (𝜘)

p

i

1 + ξ1 (1 − 𝜘) − 1 ,
(3.18)

where



A mp
ξA (𝜘) =
𝜘p

2

ζ 𝜘p
+ 2
A MPl



n

.

(3.19)

Note that for MA,Z  pA,Z ≡ p  MPl , ξA (𝜘)  1. Expanding the square roots to first
order in the ξ functions,





ε
4ε
1+
ξA (1) +
= 𝜘ξA−1 (𝜘) + (1 − 𝜘)ξ1 (1 − 𝜘).
p
p

(3.20)

Since all the ξ-functions are of the same order and ε  p, the term εξA (1)/p is negligible
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Figure 3.3.: Sensitivity to ζ as a function of 𝜘 for n = 0 (left) and n = 1 (right). We have
taken ε0th = 20 MeV and E = 109.3 GeV. The embedded box details the restricted interval
of 𝜘 for which ζ > 0. The shaded band indicates the region for which ζ < ζnull .
in comparison to the rest of the terms, and so (3.20) becomes

ξA (1) + 4

ε
= 𝜘ξA−1 (𝜘) + (1 − 𝜘)ξ1 (1 − 𝜘) .
p

(3.21)

After some algebra, (3.21) can be rewritten as



p
ζ g(𝜘)
mp

2 

p
MPl

n
+

4εp
m2p

−

[1 − (1 − 𝜘)A]2
= 0,
𝜘(1 − 𝜘)

(3.22)

where

g(𝜘) =

1
𝜘n+1
−
− (1 − 𝜘)n+1 .
2
2
A
(A − 1)

(3.23)

We next consider the threshold configuration for a photon with energy ε0th ≈ 20 MeV. In
the rest frame of the Sun, the photon energy is εth and the UHECR is boosted with speed β
in the direction of Earth. For a head on collision, k points in the opposite direction and so
the photon energy in the nucleus rest frame is ε0 = γ(ε + βk) = γε(1 + β). The threshold
energy in the rest frame of the Sun is then

r
εth =

1−β 0
ε .
1 + β th

(3.24)
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Since p = βE, we can write
0
[1 − (1 − 𝜘)A]2 4β E εth
−
ζ=
𝜘(1 − 𝜘)
m2p

r

1−β
1+β

!

βE/mp

 −2

(βE/MPl )−n
.
g(𝜘)

(3.25)

We take E ≈ 109.3 GeV and so γ ∼ 109 . With this in mind, we adopt the following expansion

r

 3

1−β
1
1
=
+𝒪
1 + β 2γ
γ

,

(3.26)

and set β ≈ 1 elsewhere. Substituting (3.26) into (3.25) we obtain an expression for the
sensitivity of ζ as a function of 𝜘,
0
[1 − (1 − 𝜘)A]2 2A εth (mp /E)2 (MPl /E)n
ζ=
−
,
mp
𝜘(1 − 𝜘)
g(𝜘)





(3.27)

where we have used E = γAmp . As an illustration, in Fig. 3.3 we show the sensitivity for
probing ζ as a function of 𝜘, assuming observation of a few spatiotemporal coincident
showers near the critical energy.
Despite the assumption of Lorentz invariance violation, we want to preserve the time-like
character of physical trajectories. For a particle with four momentum pµ , this means that
pµ pµ > 0 in a (+, −, −, −) metric signature. Using (3.16) this condition creates a lower
bound ζ > ζnull , with

ζnull ≡ −A

4

 m 2  M n
p

E

Pl

E

,

(3.28)

assuming β ≈ 1.
The time-like condition is automatically satisfied for positive ζ. In Fig. 3.3 we show the
limiting value ζnull and the (shaded) prohibited region. We conclude that with a detection
of a few spatiotemporal coincident showers we will be able to constrain ζ at the level of
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Figure 3.4.: Allowed (shaded) 𝜘 region as a function of A, for n = 0. The lower and upper
curves are 𝜘min and 𝜘max , respectively.
ζ ∼ 5 × 10−20 for n = 0, and ζ ∼ 10−9 for n = 1.
Since g(𝜘) 6 0 for n = 0, 1, using (3.27) and (3.28) we can rewrite the time-like condition
as
ε0
[1 − (1 − 𝜘)A]2 1 3
+ A g(𝜘) < th .
2
mp
2A𝜘(1 − 𝜘)

(3.29)

Using (3.29) we study the dependence on A and ε0th of the limiting values 𝜘min and 𝜘max ,
such that the time-like condition is satisfied for all 𝜘 ∈ [𝜘min , 𝜘max ]. Note that near the limits
of the interval [𝜘min , 𝜘max ], dζ/d𝜘 is large compared to ε0th /mp , for 10 . ε0th /MeV . 20 [273].
Thus, the intervals of 𝜘 which satisfy (3.29) barely depend on ε0th , which can be assumed
to be zero. For a fixed n, the 𝜘 limits only depend on A. The values of 𝜘min and 𝜘max for
n = 0 are shown in Fig. 3.4. For n = 1, the values are within a distance of ∼ 10−2 of those
for n = 0. As can be seen, the values are considerably close to 0 and 1, with intersections at
[0.04, 0.96] for A = 4.
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3.1.5. Conclusions
In summary, we have shown that if the photo-disintegration probability of UHECR nuclei
on the solar radiation field is 𝒪(10−5.5 ), then the unambiguous observation of the extensive
air showers that would be produced almost simultaneously by the secondary fragments
is within reach of UHECR experiments. This is because our analysis of spatiotemporal
correlations indicates that for angular scales . 3◦ and a time window of 𝒪(10 s) the
signal is background free. Detection of a few events will be enough to constrain Lorentz
invariant breaking effects in the range 109 . γ . 1010 . Such a detection will also provide
valuable information on the UHECR nuclear composition, which is independent of the
hadronic interaction models used to describe the development of air showers, and therefore
such information develops complementary to studies of the Xmax distribution and its
fluctuations.

3.2. The photo-disintegration of 4 He on the cosmic microwave background
is less severe than earlier thought
We thoroughly study the photo-disintegration of 4 He on the cosmic microwave background
using the most recent cross-section data both from the inclusive measurement observing
the analog of the giant dipole resonance in 4 He through the charge-exchange spin-flip 4 He
(7 Li,7 Be) reaction and from measurements of exclusive two-body and three-body processes:
4 He (γ, p) 3 H, 4 He (γ, n) 3 He,

and 4 He (γ, pn) 2 H. We show that the present-day (redshift

z = 0) mean free path of ultra-relativistic (Lorentz factor ∼ 1010 ) helium nuclei increases
by more that 15% with respect to previous estimates adopted as benchmarks for Monte
Carlo simulation codes of ultrahigh-energy cosmic ray propagation. This implies that the
physical survival probability of 4 He nuclei would be larger than predicted by existing event
generators. For example, for E ∼ 1010.8 GeV and a propagation distance of 3.5 Mpc, the 4 He
intensity would be 35% larger than the output of CRPropa 3 program and 42% larger than
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the output of SimProp v2r4 program. We provide new parametrizations for the two-body
and three-body photo-disintegration cross-sections of 4 He, 3 He, tritium, and deuterium.

3.2.1. Introduction
The Greisen-Zatsepin-Kuzmin (GZK) horizon of helium [27, 28] is a key parameter in ascertaining the contribution of ultrahigh-energy (E & 1010 GeV) cosmic rays (UHECRs) with
directional pointing to nearby sources. Numerical [108, 275] and analytical [249] estimates
of this parameter, as well as Monte Carlo simulation codes of UHECR propagation [276–281]
are customarily based on fits [250, 254, 273, 282] to cross-section measurements from the
sixties [263, 264, 283–286], which do not allow a precise description of the giant dipole
resonance (GDR) near threshold.
The first simultaneous measurement of the two- and three-body photo-disintegration
cross-sections of 4 He in the GDR region was carried out in 2005 at the National Institute
of Advanced Industrial Science and Technology (AIST) [270]. Data from the three-body
process yield a 4 He (γ, pn) 2 H cross section of 0.04 ± 0.01 mb at 29.8 MeV, in agreement
with previous measurements [283–285, 287, 288]. However, the dominant 4 He (γ, p) 3 H and
4 He (γ, n) 3 He cross sections are found to increase monotonically with energy up to 29.8 MeV,

in strong disagreement with previous observations [267, 268, 289, 290]. Subsequently, a
detailed studied of the GDR in 4 He was carried out at the Research Center for Nuclear
Physics (RCNP), using a 455 MeV 7 Li3+ beam bombarding a 4 He gas target cooled to about
10 K [291, 292]. An indirect measurement of the GDR in 4 He was obtained by observing
its analog via the 4 He (7 Li, 7 Be) reaction at forward scattering angles. The inclusive
cross-section measurement from the 4 He (7 Li,7 Be) reaction also shows a radical departure
from the results of the AIST group. Deepening the mystery, the 4 He photo-disintegration
cross section was measured again by the same group at AIST, confirming their earlier
findings [293]. To clarify the situation, the total (i.e. angle-integrated) cross-section of
the exclusive two-body channels was measured at the High Intensity Gamma-ray Source
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A

i
1
2
1
2
1c

4
3
2

Table 3.1.: Parameters for the PSB cross sections.
εth,i (MeV)a
ε0,i (MeV)
∆i (MeV)
ξi
20.2
27
12
0.47
27.2
45
40
0.11
6.6
13
18
0.33
b
6.6
15
13
0.33
2.2
5
15
0.97

ζ
1.11
1.11
—

(HIγS) [271, 272]. The HIγS experiment confirmed that the peak of the GDR is near 27 MeV
and emphasized the differences with the AIST measurements. If we would assume that a
systematic effect affected the AIST measurement of 4 He (γ, p) 3 H and 4 He (γ, n) 3 He and
leave these aside, we may conclude that there is now a good agreement in the experimental
front (see the data plotted in Fig. 1, top panel).
In this article we provide a new parametrization of the photo-disintegration cross-section
of helium through a fit to the most recent data from the RCNP and HIγS experiments.
Armed with this parametrization we re-examine the opacity of the cosmic microwave
background (CMB) to ultra-relativistic (Lorentz factor ∼ 1010 ) helium nuclei.

3.2.2. Previous parametrizations of the giant dipole resonance
In this section we provide a brief description of the various cross-section models.
Karakula and Tkaczyk (KT) use a Breit-Wigner form to model the peak of the GDR and
fit the cross-section to a constant above 30 MeV,

σKT
A (ε)

=



A
 σKT

0

(ε Γ )2
(ε2 −ε20 )2 +(εΓ )2


 A/8 mb,


, ε 6 ε∗
ε>

,

(3.30)

ε∗

with Γ = 8 MeV, ε0 = 0.925 A2.433 MeV, ε∗ = 30 MeV, and σKT
= 1.45 mb [254] .
0
a The

source often gives two energy thresholds corresponding to proton and neutron emission [273]. In our
calculations we have taken the average value.
b The source does not provide this energy threshold [273]. Following [294], we assume the energy threshold
is similar to that of single nucleon emission.
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Puget, Stecker, and Bredekamp (PSB) also use a piecewise function containing a Gaussian
form (3.37) around the peak of the GDR and a constant above 30 MeV, with normalization
given by the TRK dipole sum rule [250, 273]. PSB model the total cross section as the sum
of (at most) two contributions: single and multiple nucleon emission (i = 1, 2 respectively),
where





2(ε−ε0,i )2
−1

, εth,i 6 ε 6 ε∗
ξ
ΣW
exp
−

i
i
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and where ε∗ = 30 MeV, εmax = 150 MeV, with
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(3.32)

The values of ζ, ξi , ε0,i and ∆i are taken from Table 1 of [250], and the threshold energies
εth,i are taken from Table 1 of [273]. These values are gathered here and shown in Table 3.1
for each A and i.
Rachen (R) uses two functional forms to parametrize the GDR cross-sections of the
different nuclei and processes including single (i = 1) or multiple (i = 2) nucleon
emission [282]: (i) the BP form, and (ii) the function



ε − εth
Pl(ε, εth , εmax , α) =
εmax − εth

 α(εmax /εth −1) 

εmax  αεmax /εth
,
ε

ε > εth ,

(3.33)

which has a maximum at εmax and a power law behavior both near threshold and in the
asymptotic limit; note that Pl(εth , εth , εmax , α) = 0 and limε→∞ Pl(ε, εth , εmax , α) ∝ ε−α .
The cross section for the two-body 4 He (γ, p) 3 H and 4 He (γ, n) 3 He reactions is described
by
σR4,1 = 3.8 mb Pl(ε, εth , εmax , α) ,

(3.34)
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A
4
3
2

Table 3.2.: Parameters for the Rachen cross sections.
i
βA,i
BA,i (MeV)
2
1.4
26.1
1
1.4
5.8
2
1.7
7.3
1
2.2
1.71

with εth = 19.8 MeV, εmax = 27 MeV and α = 5. The rest of the processes are modelled
using the BP form
σRA,i = βA,i σBP (ε, BA,i ) ,

(3.35)

where the nonzero coefficients are given in Table 3.2.
3.2.3. New parametrization of the GDR in 4 He
The photo-absorption cross-section of a nucleus of charge Ze and baryon number A roughly
obeys the Thomas-Reiche-Kuhn (TRK) dipole sum rule [295–297]

∫∞
σA (ε) dε = 59.8

Σ=
0

Z (A − Z)
MeV mb .
A

(3.36)

Symmetric resonant cross-sections are commonly fitted by the normal distribution, with
probability density function given by
(ε − µ)2
exp −
f𝒩 (µ, Γ ; ε) ≡ √
,
2Γ 2
2πΓ 2
1





(3.37)

where µ is the mean and Γ measures the dispersion around the mean.
The features of the cross-section data of the nuclei analyzed herein make evident that the
GDR does not follow a symmetric curve around its central value. A simple way to account
for the antisymmetry when the fall on the right side of the central value is much slower
than the rise on the left side is to consider logarithmic distributions. These can be obtained
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as g(x) dx = f(ln x) d ln x, if f is a symmetric distribution, which gives g(x) = f(ln x)/x for
x > 0. To accommodate threshold effects we can simply shift the independent variable so
that the threshold is at some value xth rather than 0.
To model the shape of the photo-disintegration cross-section in the energy range of the
GDR we adopt the shifted log-normal distribution. Substituting ε for ln(ε − εth ) in (3.37)
and introducing the 1/(ε − εth ) factor, we arrive at the cross-section density function




th
 ln2 εε−ε

0 −εth 

σA (σ0 , ε0 , εth , Γ ; ε) = σ0 exp −
 ,


2Γ 2





(3.38)

where ε0 is the central value of the GDR energy band (with threshold εth ), σ0 is the cross
section at ε = ε0 , and Γ is a measurement of the dispersion around ε0 .
For analytical order of magnitude estimates, it is convenient to obtain a form of the
cross-section in the single pole of the narrow-width approximation (NWA). Introducing
the change of variables



ε − εth
z(ε) ≡ ln
ε0 − εth


(3.39)

we have
σA (σ0 , ε0 , εth , Γ ; ε) ∝ f𝒩 (0, Γ ; z(ε)) .

(3.40)

For the normal distribution,

lim f𝒩 (0, Γ ; z(ε)) = δ(z(ε)) =

Γ →0

δ(ε − ε0 )
= (ε0 − εth ) δ(ε − ε0 ) ,
|z0(ε0 )|

(3.41)

and so we can approximate (3.38) as
σA (σ0 , ε0 , εth , Γ ; ε) ≈ 𝒜 δ(ε − ε0 ),

(3.42)
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Table 3.3.: Parameters of the photo-disintegration cross-section.
σ0 (mb)
ε0 (MeV)
εth (MeV)
Γ
𝒜 (mb MeV)
3.22 ± 0.05
26.6 ± 0.4
20.1 ± 0.4
0.94 ± 0.08
77 ± 3
1.82 ± 0.05
15.3 ± 0.4
5.1 ± 0.2
0.93 ± 0.04
67 ± 2
2.60 ± 0.09
3.87 ± 0.09
2.42 ± 0.05
1.48 ± 0.04
42.2 ± 0.4

A
4
3
2

where 𝒜 is the normalization constant satisfying

∫∞

∫∞
𝒜 δ(ε − ε0 ) dε =

εth

σA (σ0 , ε0 , εth , Γ ; ε) dε,

(3.43)

εth

and therefore
√
𝒜=

2π σ0 Γ (ε0 − εth ) eΓ

2 /2

.

(3.44)

Fitting (3.38) to the 4 He data we find the four parameters and corresponding 68% C.L.
band. The cross section parameters are given in Table 3.3 and shown in Fig. 3.5. For
completeness, we also studied the photo-disintegration of secondary 3 He and 2 H. The
cross section parameters are also given in Table 3.3 and shown in Fig. 3.5. A comparison of
our results with previous approximations (which are briefly summarized in §3.2.2) is also
exhibited in Fig. 3.5. The 3 He and 3 H (tritium) have similar photo-disintegration properties.
Any possible distinction because of the differences in binding energy due to the Coulomb
field disparity would fall within theoretical and experimental uncertainties [298].
To complete our analysis of the photo-disintegration of light nuclei, we provide the
relevant branching ratios via fits to the cross-sections for the exclusive three-body processes
3 He

(γ, pn) H and 4 He (γ, pn) 2 H. The former can be modeled with a shifted log-normal

distribution, the best fit parameters are: ε0 = (16.5 ± 0.2) MeV, Γ = 0.97 ± 0.07, εth =
(8.1 ± 0.3) MeV, and σ0 = (1.03 ± 0.01) mb. The latter is best represented by a Bethe-Peierls

77

3. cosmic ray propagation in a photon background

(a)

(b)

(c)

Figure 3.5.: Best fit and 68% CL bands of the 4 He (left), 3 He (middle), and 2 H (right)
photo-disintegration cross section. Previous parametrizations of the cross section (see
§3.2.2) are also shown for visual comparison. The experimental data have been taken
from [270–272, 291] (top), [299] (middle), and [298, 300] (bottom).

Figure 3.6.: Best fit and 68% CL bands of the exclusive 3 He (γ, pn) H (left) and 4 He (γ, pn)
2 H (right) photo-disintegration cross section. Previous parametrizations of the cross
section are also shown for visual comparison. The experimental data have been taken
from [294, 301] (left) and N [270], ◦ [287], × [283–285], and  [288] (right).
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(BP) form [302],

σ(β, B; ε) = β × σBP (B; ε) = β ×

σTp mp c2 (x − 1)3/2
,
αEM B
x3

(3.45)

with best fit parameters β = 2.1 ± 0.5 and B = 27.6 ± 0.7 MeV. Here, x = ε/B, αEM is the
fine structure constant, and σTp the Thomson cross section for the proton



σTp

8π αEM hc
=
3 mp c2

2

.

(3.46)

In Fig. 3.6 we show a comparison of the best fit and 68% C.L. bands for the cross sections of
three-body processes and previous estimates. To a good approximation, the ratio of the
photo-proton 4 He (γ, p) 3 H to the photo-neutron 4 He (γ, n) 3 He cross sections can be set
equal to one [268, 271, 272].
In an aside, it is interesting to note that the Rachen’s parameterization is the closest
from all other earlier descriptions to the new experimental data. For instance, Rachen’s
description (developed ∼ 20 years ago) would produce a higher cross section for 4 He, what
at the end is critical for producing the effect on enlarging the propagation distance that we
uncover below, but the general shape is quite acceptable. Something similar happens for
3 He

and 2 H.

3.2.4. Photo-disintegration of 4 He on the CMB
We now turn to estimate the GZK energy loss of ultra-relativistic 4 He nuclei scattering
off the CMB. The relevant mechanisms for the GZK energy loss of UHECR 4 He nuclei
are: (i) e+ e− pair production in the field of the nucleus, (ii) photo-disintegration, and
(iii) photo-pion production. In the nucleus rest-frame, pair production has a threshold
at ∼ 1 MeV. The inelasticity of pair production is very low (∼ me /mp , for protons), so
that the characteristic time-scale of energy loss for this process at energies E & 1010 GeV is
E/(dE/dt) ≈ 109.7 yr [303]. For a nucleus, the energy loss rate is Z2 /A times higher than for
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Figure 3.7.: Left: Comparison of the various estimates of the mean free path of UHECR 4 He
nuclei propagating through the CMB at z = 0 (left), and λk (γ)/λ(γ), for k ∈ {KT, PSB, R}
(right).

Figure 3.8.: Relative error (λ − λNWA )/λ of the NWA.
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(a)

(b)

(c)

Figure 3.9.: Relative transmittance for k = KT (left), k = PSB medium, and k = R (right).
a proton of the same Lorentz factor [304]. Therefore, for propagation distances . 100 Mpc,
pair production from 4 He can be safely neglected. For E . 1011 GeV, photo-pion production
is also negligible because it has a threshold energy ∼ 145 MeV in the nucleus rest frame.
In this decade of energy photo-disintegration is the dominant process for energy loss of
4 He

nuclei: the peak of the GDR corresponds to photon energies of 27 MeV. With this

dominance, we now exploit a complete analytic treatment of the GZK energy loss using
the simple form of our parametrization.
The interaction time (τint ) for a highly relativistic nucleus propagating through an
isotropic photon background described by a spectrum dn(ε)/dε, is [24]
1
c
=
τint 2

∫∞
εth /2γ

1 dn(ε)
dε
2
γ ε2 dε

∫ 2γε

ε0 σA (ε0) dε0 ,

(3.47)

εth

where γ ∼ E/(Amp ) is the Lorentz factor and σA (ε0) is the cross-section for photodisintegration by a photon of energy ε0 in the rest frame of the nucleus. Inserting (3.42)
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into (3.47) we obtain

c 𝒜 ε0
1
≈
τint
2γ2

∫∞
εth /2γ

dε dn(ε)
Θ(2γε − ε0 )
ε2 dε
√
≈

π c σ0 ε0 (ε0 − εth ) Γ eΓ
√
2 γ2

2 /2

∫∞
ε0 /2γ

dε dn(ε)
. (3.48)
ε2 dε

For the CMB,

i −1
dn(ε)
1  ε  2 h ε/T
=
e
−1
,
dε
(hc)3 π

(3.49)

and so (3.48) becomes
1
σ0 ε0 (ε0 − εth ) Γ eΓ
≈
√
τint
2π π h3 c2 γ2

2 /2

T



ln 1 − e

−ε0 /2γT



,

(3.50)

with T = 2.7255(6) K [305].
Despite the computational convenience of the narrow width approximation, a full
calculation of the interaction time can be achieved. The second integral in (3.47) can be
calculated exactly for the cross section (3.38) to give

∫ε
J(ε) =

ε0 σA (ε0) dε0

εth

𝒜
Γ 2 − z(ε)
2Γ 2 − z(ε)
3Γ 2 /2
=
εth erfc
+
e
(ε
−
ε
)
×
erfc
√
√
0
th
2
2Γ
2Γ











. (3.51)

For the CMB spectrum, (3.47) can be rewritten as
1
c
= 2
τint 4π (hcγ)3

∫∞
εth

J(ε)
eε/2γT − 1

(3.52)

dε.

The integral in (3.52) is solved numerically, allowing us to obtain the present-day (redshift
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z = 0) mean free path for A = 4 nuclei traveling through the CMB with a Lorentz factor γ
as
2

λ(γ) = 4π (hcγ)

3

∫ ∞
εth

J(ε)
eε/2γT − 1

 −1
dε

.

(3.53)

The mean free path is analogously calculated for the three other models obtaining three
functions λk (γ), for k ∈ {KT, PSB, R}, where KT stands for Karakula-Tkaczyk [254], PSB
for Puget-Stecker-Bredekamp [250], and R for Rachen [282] (see §3.2.2 for details). The
PSB-model has been the benchmark for the SimProp Monte Carlo code [281] whereas the
R-model is used by the CRPropa program [279]. In Fig. 3.7 we show the mean free path
for 4 He photo-disintegration on the CMB for the four considered models, and the ratios
λk (γ)/λ(γ) for the three models. In Fig. 3.8 we display the relative error (λ − λNWA )/λ of
the NWA as a function of energy.
In order to study the consequences that the different cross sections have on particle
propagation through the CMB, we study its transmittance to 4 He nuclei going through a
given distance at a given energy. We define 𝒯 (γ, L) ≡ e−L/λ(γ) for the mean free path (3.53),
and 𝒯k (γ, L) ≡ e−L/λk (γ) for the other three models. Since the model introduced in this
paper provides the smallest cross section, it will give the largest transmittance. To study
this, we define the relative transmittances Rk (γ, L) ≡ 𝒯k (γ, L)/𝒯 (γ, L). The three ratios are
shown in Fig. 3.9. For a propagation distance of 3.5 Mpc, the transmission of the CMB for
our cross-section model at 1010.8 GeV is 𝒯 ≈ 0.11. Our calculations also demonstrate that
if e.g., there was a source a 3.5 Mpc and deflections on the extragalactic magnetic field are
small, the Earthly 4 He flux would be 35% larger than the output of CRPropa 3 [279] and
42% larger than the output of SimProp v2r4 [281]. For a propagation distance of 4 Mpc,
the discrepancy increases as the Earthly fluxes would be 41% and 49% larger than those
predicted by CRPropa 3 and SimProp v2r4, respectively. Thus, even for CRPropa 3, which
uses the best among the older parametrizations, the differences introduced by a more
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Figure 3.10.: Photodisintegration mean-free-path of 4 He on the IR photon background as
estimated in [306] and the lower limit derived in [308]. In the comparison we have used
the photo-disintegration derived in this work and those obtained earlier by Rachen [282].
careful accounting of the 4 He photo-disintegration cross section are significant.
For γ . 109.7 the dominant target photons are those of the extragalactic background light.
At present, the ambiguity in the determination of infrared (IR) photon background [306–
308] largely dominates the uncertainties in the 4 He mean-free-path. This is illustrated in
Fig. 3.10 where we show a comparison using the IR estimates from [306] and [308].

3.2.5. Conclusion
We have provided new parametrizations for the photo-disintegration cross-section of nuclei
with baryon number A 6 4. In our fits we included the most recent cross-section data both
from the inclusive measurement observing the analog of the giant dipole resonance in
4 He

through the charge-exchange spin-flip 4 He (7 Li,7 Be) reaction and from measurements

of exclusive two-body and three-body processes: 4 He (γ, p) 3 H, 4 He (γ, n) 3 He, and 4 He
(γ, pn) 2 H. A comparison with previous estimates is displayed in Figs. 3.5 and 3.6.
We have shown that existing Monte Carlo simulation codes for UHECR propagation
underestimate the predicted flux of 4 He nuclei emitted by sources in our cosmic backyard.
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For example, we demonstrated that the mean free path of 4 He with γ ∼ 1010 increases by
more that 15% with respect to previous estimates adopted as benchmarks for Monte Carlo
simulation codes of UHECR propagation. A comparison of the different mean-free paths
of 4 He on the CMB for relevant Lorentz factors is provided in Fig. 3.7. Interestingly, the
larger mean free path obtained in our study implies that the physical survival probability
of 4 He nuclei would be larger than predicted by existing event generators. For example,
for E ∼ 1010.8 GeV and a propagation distance of 3.5 Mpc, the 4 He intensity would be 35%
larger than the output of CRPropa 3 program and 42% larger than the output of SimProp
v2r4 program. A comparison of the increment in the survival probability of 4 He as a
function of energy is exhibited in Fig. 3.9.
As it is obvious, our finding have a direct impact on the possibility that nearby starbursts
could relate to the origin of cosmic-rays, what we shall explore elsewhere. It also provides
a refreshing humble perspective: basic nuclear physics can still significantly affect our
most common assumptions when imagining cosmic ray production sources.
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cosmic ray propagation through
m a g n e t i c fields

This chapter introduces another phenomenon that affects cosmic ray propagation,
namely galactic magnetic fields. Magnetic fields bend charged cosmic ray trajectories, obscuring the association between individual events and their sources. This
chapter explores a method by which cosmic ray acceleration, magnetic deflections
and photo-disintegration are put together with the purpose of understanding
cosmic ray composition. Besides that, we explore more closely the galactic magnetic field, and to which extent it can be constrained assuming that UHECRs are
produced in starburst galaxies.
Published works
“Ultrahigh-energy cosmic ray composition from the distribution of arrival directions”. In:
Phys. Rev. D 98 (12 Dec. 2018), p. 123018. doi: 10.1103/PhysRevD.98.123018.
“The Galactic Magnetic Field in the Light of Starburst-generated Ultrahigh-energy Cosmic
Rays”. In: Proceedings of The 36th ICRC. Sissa Medialab, July 2019. doi: 10.22323/1.358.
0254.
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4.1. Ultrahigh-Energy Cosmic Ray Composition from the Distribution of
Arrival Directions
The sources of ultrahigh-energy cosmic rays (UHECRs) have been difficult to catch. It was
recently pointed out that while sources of UHECR protons exhibit anisotropy patterns that
become denser and compressed with rising energy, nucleus-emitting-sources give rise to
a cepa stratis (onion-like) structure with layers that become more distant from the source
position with rising energy. The peculiar shape of the hot spots from nucleus-accelerators
is steered by the competition between energy loss during propagation and deflection on the
Galactic magnetic field (GMF). Here, we run a full-blown simulation study to accurately
characterize the deflections of UHECR nuclei in the GMF. We show that while the cepa
stratis structure provides a global description of anisotropy patterns produced by UHECR
nuclei en route to Earth, the hot spots are elongated depending on their location in the
sky due to the regular structure of the GMF. We demonstrate that with a high-statistics
sample at the high-energy-end of the spectrum, like the one to be collected by NASA’s
POEMMA mission, the energy dependence of the hot-spot contours could become a useful
observable to identify the nuclear composition of UHECRs. This new method to determine
the nature of the particle species is complementary to those using observables of extensive
air showers, and therefore is unaffected by the large systematic uncertainties of hadronic
interaction models.

4.1.1. Introduction
The search for the sources of ultrahigh-energy cosmic rays (UHECRs) continues to be one
of the most challenging and at the same time most important tasks in astrophysics [26, 309].
UHECR deflection by intervening magnetic fields hampers pinning down their origins.
The most recent data (interpreted using various hadronic models) seem to indicate that the
most energetic (E & 1010 GeV) cosmic rays may not just be protons, but rather atomic nuclei
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Figure 4.1.: Circles representing the composition-layered structure of hotspots at different
energies, for proton sources (top) and nuclei sources (bottom). The radii of the circles
respect the proportions of the angular sizes given by (4.1), for protons (black), helium
(magenta), nitrogen (yellow), silicon (green) and iron (red); and for 40 EeV (left), 70 EeV
(center) and 100 EeV (right).

of charge Ze [113, 114, 116, 117]. Even though cosmic ray trajectories would naturally
undergo less magnetic bending as the kinetic energy (rigidity) is increased, UHECR nuclei
are expected to suffer significant deflections while traversing the Galaxy.
To makes things worse, magnetic fields are not well constrained by current data. If we
endorse recent models of the Galactic magnetic field (GMF) [22, 310–312], then typical
values of the deflections of UHECRs crossing the Galaxy are

◦

θ ∼ 10 Z



E
1010 GeV

 −1

,

(4.1)

depending on the direction considered [313, 314]. Therefore, tracing the origin of a
particular UHECR nucleus back to its source in the sky is not trivial.
UHECR nuclei lose energy en route to Earth through interactions with the universal
radiation fields [27, 28, 250]. Thus and so, it was recently pointed out that the combination of
magnetic deflections and energy losses during propagation should produce an unequivocal
anisotropy pattern for accelerators of UHECR nuclei: a cepa stratis structure with layers that
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increase with rising energy [249]. This is in sharp contrast to anisotropy patterns of pureproton sources, which become denser and compressed with rising energy. The combination
of these effects leads to an onion-like layered structure depending on composition and
energy. To visualize this, first recall that if the sources emitted only protons, the size of
the corresponding “spot” should decrease with rising energy due to reduced deflection in
magnetic fields. In contrast, if sources produce a mixed composition, a different quality
emerges. Lighter compositions tend to shorter mean-free-paths at higher energies, so
as their energy increases they begin to disappear from the sample leaving behind only
the lower energy component. The latter suffers a relatively smaller magnetic deflection
compared to heavier nuclei at all energies. One thus ends up with a cepa stratis structure in
which the energies of the species observed closer to the source have a lower rather than
higher energy, as they would in the case that the sources emitted only protons. This effect
is shown schematically in Fig. 4.1.
In this paper we simulate realistic UHECR sky maps for a wide range of possible nuclear
species and study individual anisotropy patterns from nearby sources to quantify the
variation in (shape and size) of the expected “squeezed onion layers.” We also present
a statistical test to isolate the UHECR nuclear composition using a subsample of the
distribution of arrival directions associated with a particular source in the cosmic-ray-sky.
All source types are represented within our cosmic backyard for light and heavy nuclei, so
all source types are a priori candidates for the nearby exploration.
The layout of the paper is as follows. We begin in Sec. 4.1.2 with an overview of the
main characteristics of potential nearby sources. In Sec. 4.1.3 we study the energy losses
during propagation and in Sec. 4.1.4 the deflections on the GMF. Armed with our findings,
in Sec. 4.1.5 we develop a statistical test to probe the nuclear composition of UHECR using
the distribution of arrival directions. After that, in Sec. 4.1.6 we demonstrate that NASA’s
Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) mission [261] will attain
sensitivity to clarify the nuclear composition of recently reported hot spots by the Telescope
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Array and Pierre Auger collaborations [315]. The paper wraps up with some conclusions
presented in Sec. 4.1.7.

4.1.2. Experimental data
4.1.2.1. UHECR Anisotropies
Over the years, stronger and stronger experimental evidence has been accumulating
indicating a possible correlation between the arrival directions of the highest energy cosmic
rays and nearby starburst galaxies [23, 97]. Recently, using data collected by the Pierre
Auger Observatory, the hypothesis of UHECR emission from the 23 brightest nearby
starburst galaxies (SBGs) with a radio flux larger that 0.3 Jy (selected out the 63 objects
within 250 Mpc search for gamma-ray emission by the Fermi-LAT Collaboration [184]) was
tested against the null hypothesis of isotropy through an unbinned maximum-likelihood
analysis [23]. The adopted test statistic (TS) for deviation from isotropy being the standard
likelihood ratio test between the starburst-generated UHECR sky model and the null
hypothesis. The TS was maximized as a function of two free parameters (the angular radius
common to all sources, which accounts in an effective way for the magnetic deflections, and
the signal fraction), with the energy threshold varying in the range 1010.3 . E/GeV . 1010.9 .
For a given energy threshold, the TS for isotropy follows a χ2 distribution with two degrees
of freedom. The TS is maximum above 1010.6 GeV, with a local p-value of 3 × 10−6 . The
smearing angle and the anisotropic fraction corresponding to the best-fit parameters are
◦

13+4
and (10 ± 4)%, respectively. Remarkably, the energy threshold of largest statistical
−3
significance coincides with the observed suppression in the spectrum [105, 106, 243],
implying that when we properly account for the barriers to UHECR propagation in the
form of energy loss mechanisms [27, 28] we obtain a self consistent picture for the observed
UHECR horizon. The scan in energy thresholds comes out with a penalty factor, which
was estimated through Monte-Carlo simulations. The post-trial chance probability in an
isotropic cosmic ray sky is 4.2 × 10−5 , corresponding to a 1-sided Gaussian significance of
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4σ [23].
Auger data (E & 1010.77 GeV) also show a slightly weaker association (2.7σ) with active
galactic nuclei (AGNs) that emit γ-rays (a.k.a. γAGNs) from the 2nd catalogue of hard
Fermi-LAT sources (2FHL) [316]. The maximum deviation for γAGNs is found at an
◦

intermediate angular scale of 7+4
with an anisotropic fraction of (7 ± 4)% [23].
−2
On a separate track, the Telescope Array (TA) has recorded a statistically significant
excess in cosmic rays, with energies above 1010.75 GeV, above the isotropic background-only
expectation [124, 125]. This is colloquially referred to as the “TA hot spot.” The excess
is centered at Galactic coordinates (l, b) ' (177◦ , 50◦ ), spanning a region of the sky with
∼ 20◦ radius. The chance probability of this hot spot in an isotropic cosmic ray sky was
calculated to be 3.7 × 10−4 , corresponding to 3.4σ.
The most recent search for hot spot anisotropies is a joint effort by the two collaborations
considering 840 events recorded by Auger with E > EAuger = 1010.6 GeV and 130 events
recorded by TA with E > ETA = 1010.73 GeV [315]. Before proceeding, we pause to note
that though the techniques for assigning energies to events are nearly the same in both
experiments, there are differences as to how the primary energies are derived at Auger
and TA, with systematic uncertainties in the energy scale of the experiments amounting to
about 14% and 21% respectively, corresponding to about 70% uncertainty in the flux above
a fixed energy threshold. By comparison, the uncertainties on the respective exposures are
minor ( . 1% and ' 3%, respectively). Therefore, it is necessary to cross-calibrate the energy
scales of the two datasets to avoid introducing a spurious North/South asymmetry due to
an energy scale mismatch. This is accomplished by exploiting the wide declination band
(−16◦ . δ . +45◦ ) where the two datasets overlap. Regardless of the true arrival direction
distribution, within a region of the sky ∆Ω fully contained in the field of view (FoV) of
both observatories, the sum over observed events

Í

i 1/ω(ni )

(where ω is the directional

exposure of each observatory in the direction ni , in km yr units) is an unbiased estimator
of

∫
∆Ω

Φ(n) dn (where Φ is the directional UHECR flux integrated above the considered
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energy threshold, in km−2 yr−1 sr−1 units) and should be the same for both experiments
except for statistical fluctuations. This criterion is generally adopted to cross-calibrate
the energy scales and to determine EAuger and ETA such that the Auger flux above EAuger
matches the TA flux above ETA [317].1 The most significant excesses observed in a 20◦ search
are at Galactic longitude and latitude: (l, b) ≈ (303.0◦ , 12.9◦ ) and (l, b) ≈ (162.5◦ , 44.4◦ ),
with local (Li-Ma [318]) statistical significance for the rejection of the null (background
only) hypothesis of 4.7σ and 4.2σ, respectively [315]. The Li-Ma significance map of this
data-sample is shown in Fig. 4.2.2 The most significant hot spot is near the location of
starburst galaxies NGC 4945 and M83. The possible association of the TA hot spot with
M82 has not gone unnoticed [126, 127, 319–321]. A warm spot is also visible in the vicinity
of NGC 253 near the Galactic south pole.
Very recently, the TA Collaboration carried out a test of the reported correlation between
the arrival directions of UHECRs and SBGs [23]. The data sample for this analysis includes
cosmic rays with E > E0TA = 43 EeV detected by TA in a nine year period from May 2008
to May 2017. These data are compatible with isotropy to within 1.1σ and with Auger
result to within 1.4σ, and so the TA Collaboration concluded that with their current
statistics they cannot make a statistically significant corroboration or refutation of the
reported possible correlation between UHECRs and SBGs [123]. It is important to note,
however, that E0TA < ETA . Most importantly, ETA is above the energy at which TA observes
the suppression in the spectrum [104, 107], but E0TA is below. This implies that the data
sample of the test carried out by the TA Collaboration is most likely contaminated from
the isotropic background of UHECRs emitted by far away sources, and consequently this
the region of the sky which is mostly used spans the declination band −12◦ 6 δ 6 +42◦ . This is
because including directions too close to the edge of the FoV of one of the observatories would result in
larger statistical fluctuations due to very large values of 1/ω(ni ) near the edge.
2 The RGB color components of the skymap and legend presented in [315] were sampled taking enough
points per pixel to ensure that no information is lost. To each point sampled from the skymap, we
associate a value for the Li- Ma significance given by the corresponding value of the legend pixel that is
closest to the skymap pixel. The closeness is measured by a euclidean distance in the RGB space. The
coordinates of the pixels were transformed successively by an inverse Mollweide projection, an equatorial
to galactic coordinate transformation, and a Mollweide projection to create the new skymap shown in
this figure.
1 Actually,
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Figure 4.2.: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in
20◦ radius windows for 840 events recorded by Auger with E > EAuger and 130 events
recorded by TA with E > ETA . The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive)
significance of deficits.

would tend to reduce the significance of any possible correlation with nearby sources.

4.1.2.2. Source Spectra
It has long been suspected that the powerful jets and the mammoth radio-lobes of nearby
γAGNs [323, 324] as well as the galactic-scale superwinds of SBGs [96] provide profitable
arenas for the formation of collisionless plasma shock waves, in which UHECRs can be
accelerated by bouncing back and forth across the shock. In addition, because of the
high prevalence of supernovae, SBGs are thought to contain a large density of newly-born
pulsars, which can accelerate UHECRs via unipolar induction [325, 326].
Arguably, when all of the above is combined γAGNs and SBGs become the leading
candidate sources at the very high energy end of the spectrum. Therefore, we will adopt
these astrophysical objects as our working example.
In order to describe the sources properly, we study the spectra of Auger and TA events
around selected objects that are relevant for this analysis. We consider the data published
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Figure 4.3.: Comparison of UHECR event locations with starburst- (left) and radio-galaxies
(right) in Galactic coordinates. The green points indicate the arrival directions of
231 events with E > 52 EeV and zenith angle θ < 80◦ detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [322]. The blue points indicate
the arrival directions of 72 events with E > 57 EeV and θ < 55◦ recorded from 2008 May
11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst- (left)
and radio-galaxies (right). The shaded regions delimit angular windows around the
sources of angular radius of 15◦ .

Table 4.1.: Spectral indices of selected nearby sources: γ maximizes the likelihood and
[γl , γr ] indicates to a 68% confidence interval of the spectral index.
Source
Dataset
Events
γ
γl
γr
NGC 253
Auger
8
4.8
3.6
6.4
NGC 4945
Auger
14
6.8
5.4
8.5
M83
Auger
13
4.6
3.7
5.7
NGC 1068
Auger
8
4.9
3.7
6.4
NGC 1068
TA
2
3.9
2.3
6.5
M82
TA
3
5.3
3.3
8.3
Cen A
Auger
16
5.5
4.5
6.8
Fornax A
Auger
7
7.0
5.0
9.5
M87
Auger
3
15.2
8.5
25.0
M87
TA
2
8.7
4.5
15.5
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in [124, 322], consisting on 231 events above 52 EeV detected by the Pierre Auger Observatory,
and 72 events above 57 EeV detected by TA. We select several sources from Auger and TA
searches of anisotropy. For each of those sources, we define an angular window around
their directions on the sky with angular radius of 15◦ , as shown in Fig. 4.3. This value
serves just as an orientation, and we do not imply that the events from those sources should
be contained in those angular windows. Nevertheless, the analysis presented in [322]
results in such angular size for one of the sources. We perform a maximum likelihood
estimation of the spectral index around each of the sources, for each of the data samples (if
there is more than one event), assuming a single power law spectrum, dN/dE ∝ E−γ . In
Table 4.1 we show the values of γ maximizing the likelihood, as well as the 68% confidence
level intervals [γl , γr ]. All the individual spectra are very steep, reflecting the suppression
in the nearly isotropic UHECR spectrum.

4.1.2.3. Starburst Energetics
It was recently pointed out that starburst superwinds struggle to meet the power requirements to accelerate cosmic rays to the maximum observed energies [101]. In detail, the
magnetic field B carries with it an energy density B2 /(8π) and the flow carries with it an
energy flux > uB2 /(8π), where u is the shock velocity. Thus, for an accelerator of size R,
this sets a lower limit on the rate at which the energy is carried by the out-flowing plasma,
LB >

1
u R2 B2 ,
8

(4.2)

and which must be provided by the source [222]. Inserting typical parameters of SBGs
(LB ∼ 1042.5 erg/s, R ∼ 8 kpc, and u ∼ 103.3 km/s [98]) into (4.2) leads to the constraint
B < 15 µG, and consequently a Hillas maximum rigidity
ℛ ' (u/c) B R < 108.9 GV.

(4.3)
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However, radio continuum and polarization observations of M82 provide an estimate of
the magnetic field strength in the core region of 98 µG and in the halo of 24 µG; see e.g.
the equipartition B map in Fig. 16 of [142]. Averaging the magnetic field strength over
the whole galaxy results in a mean equipartition field strength of 35 µG. Independent
magnetic field estimates from polarized intensities and rotation measures yield similar
strengths [143]. Comparable field strengths have been estimated for NGC 253 [144–147]
and other starbursts [148]. Actually, the field strengths could be higher if the cosmic rays
are not in equipartition with the magnetic field [140, 149]. In particular, mG magnetic
field strengths have been predicted [150] and measured [151] in the starburst core of Arp
220. The cosmic ray population in the starburst is dominated by the nearest accelerators
in time/space to the position of interest, thus breaking a direct relation between average
fields and mean cosmic ray population [152]. Up to mG field strengths are consistent
with the gamma-ray and radio spectra in the gas-rich starburst cores of NGC 253 and
M82 [153]. Besides, the field strength in the halo of M82 and NGC 253 could be as high as
300 µG [154–156]. Herein we will remain agnostic with regard to the process responsible
for magnetic field amplification, and we consider all the nearby AGN and SBG sources
which are consistent with Auger and TA observations.

4.1.3. Nucleus Photodisintegration
The mean free path (mfp) for the different elements is obtained from the photodisintegration
cross section and the background photon flux (of type k) as
1
1
= 2
λk 2γ

∫∞
εth /2γ

1
fk (ε) dε
ε2

∫ 2γε

ε0 σA (ε0) dε0 ,

(4.4)

εth

where εth is the threshold energy for the reaction in the nucleus rest frame, γ is the
relativistic factor for the nucleus, and fk is the photon distribution function (number of
photons per unit volume and energy) in the frame where the cosmic microwave background
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(CMB) is at 2.7 K, in which it is assumed to be isotropic [24]. With a change of variables
ε → ε/2γ we can rewrite (4.4) as
1
1
=
λk γ

∫∞
εth

1
fk
ε2



ε
2γ


ℐ(ε) dε,

(4.5)

where

∫ε
ℐ(ε) ≡

ε0 σA (ε0) dε0 .

(4.6)

εth

For nitrogen, silicon and iron, the cross section is taken from TALYS 1.8 as done by
CRPropa3 [279], where the parameters of the giant dipole resonance (GDR) are modified
according to the IAEA atlas, which show a better agreement with experimental data. For
helium, the cross section is taken from Eq. (3) in [327]. The relevant photon backgrounds
are the extragalactic background light (EBL) and the CMB. For the CMB, we take

fCMB =

i −1
1  ε  2 h ε/T
,
e
−
1
(hc)3 π

(4.7)

corresponding to a Bose-Einstein distribution with temperature T = 2.7255(6) K [305]. For
the EBL, we take the results from [307].
In Fig. 4.4 we show the photodisintegration mfp for various nuclei. It is evident that
the mfp decreases rapidly with increasing energy, and increases rapidly with increasing
nuclear composition. More precisely,
• at E = 1010.7 GeV, the mfp for ionized helium (4 He) is about 3 Mpc, while at 1010.9 GeV
it is nil;
• at E = 1010.9 GeV, the mfp for ionized nitrogen (14 N) is about 4 Mpc, while at 1011 GeV
it is nil;
• at E = 1011.1 GeV, the mfp for ionized silicon (28 Si) is about 2.5 Mpc, while at 1011.2 GeV
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He
N
Si
Fe
Total
CMB
EBL

Figure 4.4.: Photodisintegration mfp on the CMB and EBL. The horizontal dashed lines
indicate the distance to nearby starbursts and radio galaxies.

it is nil;
• until finally we reach ionized iron (56 Fe) where the mfp at E = 1011.3 GeV is about
4 Mpc, while at 1011.4 GeV it too is nil.
This implies that from sources at increasing distance, fewer and heavier nuclei at highest
energies are expected to reach Earth. The main features in the energy evolution of the
abundance of various nuclear species on Earth can be summarized as follows:
• the contribution of 4 He should decrease with rising energy and then essentially
disappear above about 1010.8 GeV;
• on average, only species heavier than

14 N

can contribute to the observed flux on

Earth above 1011 GeV, with nuclear species lighter than 28 Si highly suppressed at
1011.2 GeV;
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Table 4.2.: Energy cutoff EA (D) for various nuclear species.
D/Mpc
E4 /EeV
E14 /EeV
E28 /EeV
E56 /EeV
2 to 3
60
100
180
220
3 to 4
50
80
130
210
16 to 21
40
60
100
110
• the mean flux of iron nuclei becomes suppressed somewhat below 1011.4 GeV.
When the three considerations enumerated above are combined with the magnetic deflections predicted by (4.1) we arrive at the cepa stratis structure:
• in the energy range 1010 . E/GeV . 1011 light (e.g., 4 He,

12 C, 14 N, 16 O)

nuclei are

expected to survive the trip from nearby (distance . 50 Mpc) sources, and these
nuclei would suffer average deflections on the Galactic magnetic field of θ . 15◦ ;
• at the high energy (E & 1011 GeV) end of the spectrum contributions come dominantly
from heavier nuclei (e.g., 28 Si, 56 Fe), leading to larger deflection angles associated to a
decrease in rigidity.
To get a rough estimate of the maximum energy observed on Earth we translate the mfp
shown in Fig. 4.4 into a cutoff energy in the spectrum for the various species as a function
of the source distance D. The results are listed in Table 4.2.

4.1.4. Deflections on Magnetic Fields
Our understanding of the extragalactic magnetic field strength is surprisingly vague.
Measurements of diffuse radio emission from the bridge area between the Coma and Abell
superclusters [328] provide an estimate of 𝒪(0.2 − 0.6) µG for the magnetic field in this
region, assuming the contributions of the magnetic field and the relativistic particles are
approximately equal (equipartition condition). Fields of 𝒪(µG) have also been estimated
in a more extensive study of 16 low redshift clusters [329]. It is usually conjectured that
the observed B-fields result from the amplification of much weaker seed fields. However,
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a concrete unified model to explain the initial weak seed fields is yet to see the light of
day. Generally speaking, the models for the seed fields can be divided into two broad
classes: (i) cosmological models, in which the seed fields are produced in the early universe;
(ii) astrophysical models, in which the seed fields are generated by motions of the plasma
in (proto)galaxies. The galactic-scale superwinds generated by the starbursts provide a
particular example of astrophysical models. Actually, if most galaxies lived through an
active phase in their history, one expects the magnetized outflows from their jets to also
efficiently pollute the extragalactic medium. It is reasonable to suspect that the B-fields
originating in this way would be randomly oriented within cells of sizes below the mean
separation between galaxies, λB . 1 Mpc.
Thus far the extremely weak unamplified extragalactic magnetic fields have escaped
detection. Measurements of the Faraday rotation in the linearly polarized radio emission
from distant quasars [223, 330] and/or distortions of the spectrum and polarization
properties in the CMB [331, 332] yield upper limits on the extragalactic magnetic field
strength as a function of the reversal scale. It is noteworthy that Faraday rotation
measurements (RM) sample extragalactic magnetic fields of any origin (out to quasar
distances), while the CMB analyses set limits only on primordial magnetic fields. The RM
bounds are strongly dependent on assumptions about the electron density profile as a
function of the redshift. If electron densities follow that of the Lyman-α forest [333], the
average magnitude of the magnetic field receives an upper limit of B ∼ 0.65 nG for reversals
on the scale of the horizon, and B ∼ 1.7 nG for reversal scales on the order of 1 Mpc,
at the 2σ level [334]. These upper limits are estimated assuming standard cosmological
parameters [335].
In the limit of small deflections (expected for nG field strength) the typical deflection of
UHECRs in the extragalactic magnetic field can be estimated to be

s
θ ≈ 0.15◦ Z

D
λB
3.8 Mpc 0.1 Mpc



B
nG

 

1011 GeV
,
E

100



(4.8)
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where D is the source distance and Z is the charge of the UHECR in units of the proton
charge [21, 336]. It is then reasonably to assume that extragalactic deflections would
generally be much smaller than those arising from the galactic magnetic field (GMF).
We now turn to study the effect of GMF on the deflection of UHECRs nuclei from the
direction of nearby starburst and radio galaxies. We take the Jansson and Farrar (JF) model
as a semi-realistic magnetic field model to investigate deflections as UHECRs travel through
the Galaxy [22, 311, 312]. In the JF model the GMF is described by a superposition of three
divergence-free large-scale regular components: a spiral disk field, a toroidal halo field,
and a poloidal field. In addition, there is a turbulent random magnetic field that follows a
Kolmogorov distribution.
All the magnetic fields are implemented in the Runge-Kutta cosmic ray propagation
simulation tool CRT [337]. The random magnetic field is produced within a cubic box of
side 5.12 kpc. Inside this box, a different value of the magnetic field is produced in each of
5123 equally spaced points. This box is then replicated and placed through the galactic
space with different orientations, to cover the whole galaxy. For the random magnetic field,
which is described as a superposition of waves of different wavelengths, we restrict them
to range from 5 pc to 30 pc.
The parameters of the regular and random magnetic field are constrained by: (i) multifrequency radio observations of the Faraday RM of extragalactic radio sources; (ii) measurements of the polarized synchrotron emission of cosmic ray electrons in the regular
magnetic field of the Galaxy; (iii) measurements of the total (polarized and unpolarized)
synchrotron intensity, which is a line-of-sight integral depending on the product of cosmic
ray electron density and total transverse magnetic field strength (coherent and random).
Beginning with an isotropic distribution of arrival directions observed on Earth we
back-propagate 106 nuclei to the border of the Galaxy for each of the species 4 He, 14 N, 28 Si,
and 56 Fe. Although we have shown in Table 4.1 that in the energy range of interest the
source spectra are rather soft, to illustrate the competition between energy loss during
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Figure 4.5.: Skymaps in Mollweide projection of the distribution of arrival directions for
selected SBGs (up) and radiogalaxies (down). The sky maps are in Galactic coordinates.
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Figure 4.6.: Skymaps in Mollweide projection of the distribution of arrival directions for
selected starbursts shown in Fig. 4.4 here indicated with yellow star. In all the cases we
adopted a hard injection spectrum ∝ E−1.5 , setting a threshold for the minimum energy
of Emin /EeV = 40, 70, 100 from top to bottom. We have also imposed the cuts given in
Table 4.2. The sky maps are in Galactic coordinates.
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Figure 4.7.: Skymaps in Mollweide projection of the distribution of arrival directions for
selected radio galaxies also shown in Fig. 4.4 here indicated with a yellow star. In all the
cases we adopted a hard injection spectrum ∝ E−1.5 , setting a threshold for the minimum
energy of Emin /EeV = 40, 70, 100 from top to bottom. We have also imposed the cuts
given in Table 4.2. The sky maps are in Galactic coordinates.
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propagation and deflection on the GMF in a simple way we adopt hard energy spectra
∝ E−1.5 , with a maximum energy Emax = 1011.5 GeV. We tally the fraction of events
consistent with the directions in the sky of nearby starburst and radio galaxies. A summary
of the corresponding deflections exhibited as Mollweide projections is shown in Figs. 4.5,
4.6 and 4.7. In Figs. 4.6 and 4.7 we have imposed the energy cuts for the different species
given in Table 4.2 to account for the energy loss before reaching the Galaxy. One can draw
the following conclusions:
• Our results are consistent with similar analyses using the same JF model and the
hypotheses that M87 and Fornax A [338], or Cen A and M82 [314] are potential
sources of UHECRs.
• We observe that the effect of the GMF is to modify the onion-like structure one would
expect if there were purely random magnetic fields into more complex elongated
banana shapes.
• A comparison of Fig. 4.5 with the observed excess map of Fig. 4.2 indicates qualitative
agreement with Auger data.
• It was proposed that Fornax A could explain the bulk of the Auger warm spot right
of the Galactic south pole [101]. However, as shown in Fig. 4.7, the JF model predicts
deflections which do not favor this association.
• A comparison of Figs. 4.2 and 4.6 shows that the JF model with selected turbulent
parameters cannot explain the TA hot spot. However, the GMF in this region is
dominated by turbulence (see e.g., Fig. 11 in [314]), which can accommodate an
abundance of possible sky patterns that could be consistent with TA observations.
In the remainder of the paper we develop a test which a future mission such as POEMMA
could use to clarify the nuclear composition of a given hot spot.
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4.1.5. Test Statistics
We have seen that UHECRs coming from a given source in the sky are scattered around
the line of sight to that source. Their arrival directions depend on the properties of the
cosmic ray, as well as on the intergalactic and galactic media. Although the GMF is highly
anisotropic, we will assume that the deflection of particles is isotropic around the line
of sight. In general, one must consider the variations of the magnetic field for UHECRs
arriving from different points of the sky. The anisotropies are rather large, as shown in
Sec. 4.1.4. A full consideration of the anisotropic magnetic deflections would modify the
distribution (4.11) below to include an azimuthal variable around the line of sight, and
should also take into account its direction in the sky. Nevertheless, the procedure of the
analysis would not change significantly. The assumption of isotropy around the line of
sight allows us to demonstrate the search technique while keeping the complexity at a
reasonable level at this stage.
Hereafter we assume that the magnitude of the deflection of a cosmic ray, with energy
E and charge Ze, about the line of sight is given by (4.1). With this simplified picture
of the effect that magnetic fields have on UHECRs, one can assume that cosmic rays are
normally distributed around the source direction, which defines the center of the hot spot.
The generalization of a normal distribution to directional data is the wrapped normal
distribution, which can be approximated by the von Mises distribution [26]. In what
follows we consider that the deflection δ, which characterizes the angle between the arrival
direction and the line of sight, to be a random variable distributed according to a one sided
von Mises distribution, bounded by a window size ∆ with zero mean and a dispersion
parameter κ = 1/θ2 (E, Z). Thus, its probability density function is



cos δ
fvM (δ|E, Z) ∝ exp 2
θ (E, Z)


Θ(∆ − δ).
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The observed UHECR spectrum can be described as being proportional to

ÕÕ
A

wA,s E−γ exp[−E/EA,s (D)]

(4.10)

s

where EA,s (D) is the cutoff energy that depends on the baryon number of the nucleus and
the distance to its source; see Table 4.2. Here, the weights wA,s account for the various
contributions of different species A for a given source s. Moreover, a lower cut in the
energies of interest is considered. Therefore, the probability density for a cosmic ray
assumed to come from a distant point source to have energy in [E, E + dE] and deflection
in [δ, δ + dδ] is

f(E, δ|A, Z, z, ∆, E0 ) = 𝒜 E

−γ









E
cos δ
exp −
exp 2
Θ(∆ − δ) Θ(E − E0 ), (4.11)
EA (z)
θ (E, Z)

where 𝒜 is a normalization constant. Since this distribution represents the measured
spectrum, and not the actual spectrum at Earth, it must be understood that this probability
density represents the distribution of the events the experiment would record. If one wants
to model the actual spectrum following (4.11), it would be necessary to add an energy
dependent function modeling the response of the detector at different energies. In a full
study, this could be easily implemented without changing the techniques described below.
Once experimental data is collected, and a series of events within an angular window are
selected to belong to some cosmic ray source, one can study their energies and deflections
to extract, by means of (4.11), information about the composition of the source. Given the
theoretical distributions presented above for different atomic numbers, statistical testing of
the data will provide this information.
To carry out the statistical analysis we must first define the window size ∆ and the
threshold energy E0 . Next, the source must be identified, i.e. we select D. After that we can
calculate the likelihood that different probability distributions (for different nuclei) describe
the data. This would allow an estimation of the nucleus producing the major contribution
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Figure 4.8.: PDF histograms for the test statistic empirical distribution for the null hypothesis
(proton), helium and iron, with N = 20.
to a given hot spot. Furthermore, one could use the likelihood ratio for different nuclei as a
tool to study our ability to distinguish them. In general terms, it is possible to propose a
null hypothesis (e.g., that the composition is only protons), simulate data following the
null hypothesis (ℋ0 ) and, choosing a convenient test statistic, study its distribution for the
generated data. Once real data are available, the value of the test statistic for that data will
provide a way to test the null hypothesis.
The Kolmogorov-Smirnov (KS) test provides a computationally less expensive test
statistic than the one coming from likelihood minimization. It allows for the comparison
of empirical multivariate distributions to statistical models, and provides a method for
judging to which extent some data is likely to follow a given statistical distribution. Given
a set 𝒟 of (empirical or simulated) data points, it is possible to construct an empirical
cumulative distribution function (CDF) F̃(E, δ), which counts the fraction of data points
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with energy below E and deflection below δ.3 The CDF for the null hypothesis is

∫E
F(E, δ|ℋ0 ) =

0

∫δ

dE

dδ0 f(E0 , δ0 |ℋ0 ).

(4.12)

0

E0

The KS test statistic for 𝒟 is

t = sup |F(E, δ|ℋ0 ) − F̃(E, δ)|,

(4.13)

E,δ

where E ∈ [E0 , ∞] and δ ∈ [0, ∆]. If each dataset is simulated several times following the
same statistical distribution, one can obtain not only a single value for t, but a distribution
g(t) for its value. These distributions coming from different datasets will give information
on the ability of the experiment and the test to probe a hypothesis.
The power of a statistical test is the probability that the null hypothesis is rejected if
it is actually false. It is dependent on the significance level of the test α, the probability
of rejecting the null hypothesis while it is true. For a chosen null hypothesis ℋ0 and
significance level α, there is a critical value for the test statistic, tc , above which there is a
fraction α of the data simulated following ℋ0 . For a given alternative hypothesis ℋk , the
fraction βk of the data with test statistic t < tc is the probability of not rejecting the null
hypothesis while it is false. Thus, the power of the test for a given alternative hypothesis is
given by

∫ tc
𝒫k = 1 − βk = 1 −

gk (t) dt.

(4.14)

0

To exemplify this method, we simulate datasets 𝒟x,N following the distributions in
(4.11), where x ∈ {p, 4 He, 14 N, 56 Fe} and N = dim 𝒟x,N is the number of data points in
the hot spot. We assume (i) an angular window of ∆ = 13◦ , (ii) a distance to the source
of about 4 Mpc, similar to that of many of the sources considered above, (iii) an energy
3 More

generally, one could consider CDFs defined as the fraction of events above E and δ, or combinations
of above and below for both variables. We do not study those cases here, without denying their relevance.
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Figure 4.9.: CDF for the test statistic distribution for null hypotheses for various N. The
dashed lines indicate the choice α = 0.05 and the corresponding critical values of the
test statistic.
threshold at E0 = 40 EeV, (iv) and an exponent γ = 5.03, consistent with both the energy
spectrum above 40 EeV reported by the Auger Collaboration [243] and the source spectra
given in Table 4.1. For each value of N, which roughly corresponds to a given life time of
the experiment, we consider as null hypothesis a pure proton composition, ℋp,N , and the
different nuclei as alternative hypotheses ℋx,N .
Each dataset is simulated 103 times to obtain the test statistic distributions. Some of them
are shown in Fig. 4.8. The ability to distinguish the null from the alternative hypotheses
decreases with the overlap of the different distributions. In Fig. 4.9 we show the CDF
Gx,N (t) =

∫t
0

gx,N (t0) dt0 for protons to illustrate how the choice of α provides the critical

values of t as Gp,N (tc,N ) = 1 − α. Introducing the CDF in (4.14), the power is given as
𝒫x,N = 1 − Gx,N (tc,N ).
In Fig. 4.10 we show the statistical power of the test considering different alternative
hypotheses, as a function of N. If the hot spot is composed of nuclei heavier than nitrogen,
observation of N & 20 events will be required to discard a pure-proton explanation at the
95% CL.
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Figure 4.10.: Power of the statistical test for different alternative hypotheses, i.e. different
nuclei and number of events per hot spot. The horizontal axis on the top indicates the
projected time-scale for POEMMA.
The variation of the statistical power with the radius of the angular window is presented
in Fig. 4.11 for the case of nitrogen, keeping constant the number of events per steradian.
We have briefly study the effects of considering a harder spectrum. This increases the
number of high energy nuclei, making the distributions of energy and arrival direction
resemble more those of protons. Overall, the test statistic distributions for nuclei shift to
lower values, increasing the overlap with the proton distributions. In Fig. 4.12 we show
the comparison between the statistical power for soft and hard spectra for nitrogen.
It should be clarified that this method is not meant to obtain the most probable
composition of the source, nor to obtain the contributions of different nuclei to a given
hotspot. We illustrate a method to reject a pure composition scenario. In order to obtain a
more detailed information about the composition of the hotspot, it would be possible to
add several terms like (4.11) with different weights for different nuclei, and estimate the
values of the weights from the data. Nevertheless, it can be safely stated that the power to
distinguish a mixed composition sample from a pure proton composition with this method
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Figure 4.11.: Power of the statistical test for a nitrogen alternative hypothesis as a function
of the angular radius of the window around the source. The number of events in the
sky is fixed to have an expected number of 10 events in a 13◦ radius window. The curve
shows a fit to the data with an error function.
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Figure 4.12.: Power of the statistical test for a nitrogen alternative hypothesis for a hard
(γ = 1.5) and a soft (γ = 5) spectrum, as a function of the number of events in the hotspot.
All the other parameters are unaltered with respect to those in Fig. 4.10.
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will never be lower than that to distinguish the lightest nuclei in the sample from protons.
In any other situation (trying to reject a nuclei pure composition or a mixed composition),
the power will decrease with respect to that presented here, as the overlap between the test
statistic distributions will increase.

4.1.6. POEMMA Sensitivity
The NASA’s POEMMA mission design [261] combines the concept developed for the
Orbiting Wide-field Light-collectors (OWL) [339] mission and the recently proposed
CHerenkov from Astrophysical Neutrinos Telescope (CHANT) [340] concept to form a
multi-messenger probe of the most extreme environments in the Universe. Building on the
OWL concept, POEMMA is composed of two identical satellites flying in formation with
the ability to observe overlapping regions during moonless nights at angles ranging from
nadir to just above the limb of the Earth. For a rough estimate of the expected event rate, we
consider the orbit of POEMMA at an altitude 525 km with a separation between satellites of
300 km each with a field of view of 45◦ . The area observed in stereo at nadir is approximately
1.46 × 105 km2 , yielding an instantaneous aperture ∼ 4.6 × 105 km2 sr. Preliminary studies
on trigger efficiency and the optical performance of POEMMA indicate the detector will
be fully efficient above about 1011 GeV. We define the acceptance conditions such that
the background from airglow in the entire focal plane produces a rate below 1 kHz. We
require signal above threshold in both satellites. Herein we estimate the expected number
of events by scaling the number observed at Auger according to the ratio of the POEMMA
to Auger exposures. More precisely, in Fig. 4.13 we compare the exposure to be collected in
5 yr by POEMMA, assuming a conservative 10% duty cycle, with the exposure collected by
the Auger surface array as reported in [243]. The ratio of the exposures is roughly an order
of magnitude larger when comparing with the data collected by the fluorescence detectors
of Auger. The ratio of the number of events (POEMMA vs Auger, bin by bin of energy) is
readable from the exposure scaling.
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@

Figure 4.13.: Ratio of the expected exposure of POEMMA after 5 yr of operation and the
exposure collected by the surface array of the Pierre Auger Observatory as reported at
the 35th International Cosmic Ray Conference (ICRC 2017) [243].
In order to make estimations about the future performance of POEMMA for the task
presented in Sec. 4.1.5, we present an estimation of the typical sample size of a 13◦ hot spot
as a function of time. The estimate shown in Fig. 4.13 gives an event rate of Γ ∼ 250 yr−1 .
A 13◦ angular radius solid angle covers a fraction fsky ∼ 0.013 of the sky. Within a hot
spot, one expects both background and source contributions, with a ratio fevents = nev /nbg .
With this, the required life time of the experiment to measure a hot spot of N events can be
roughly estimated to be

T∼

N
.
Γ fsky fevents

(4.15)

For fevents ∼ 3, as observed in [243] from the direction of Cen A, T ∼ 0.1N yr.4 The projected
sensitivity of POEMMA is shown in Fig. 4.10. For hot spots of 20 or more events, the
discovery power (with α = 0.05) is almost one for nuclei other than helium. Therefore, we
conclude that if the hot spot is composed of nuclei heavier than nitrogen, in two years of
operation POEMMA will be able to exclude a pure-proton origin at the 95% CL.

4 We

are not claiming that this is the value to expect, but just showing a possible value.
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4.1.7. Conclusions
In the spirit of [249], we have developed a statistical test to quantify the ability of the
future NASA’s POEMMA mission to isolate the nuclear composition of UHECRs using
a subsample of the distribution of arrival directions associated with a particular source
hot spot in the cosmic-ray-sky. This is possible because sources of UHECR protons
exhibit anisotropy patterns which become denser and compressed with rising energy,
whereas nucleus-emitting-sources give rise to a cepa stratis structure with layers that
become more distant from the source position with rising energy. The peculiar shape of
the hot spots from nucleus-accelerators is steered by the competition between energy loss
during propagation and deflection on the GMF.
Our conclusions and caveats can be encapsulated as follows:
• We have shown that if an UHECR hot spot is composed of nuclei heavier than
nitrogen, observation of roughly 20 events in this region of the sky will be required
to discard a pure-proton explanation at the 95% CL.
• We have used the excess of events reported by the Auger Collaboration from the
direction of Cen A [243] to project that about 2 yr of POEMMA running will be
necessary to probe the nuclear composition of this hot spot.
• The magnetic field structure is not as simple as it has been considered here. It presents
a highly anisotropic structure that would force us to consider its complexity in several
ways: simulations should be performed individually for each source, propagating the
cosmic rays from the source to Earth; and the distributions and data should include
another angular variable to measure the orientation about the line of sight.
• The background should be considered in this picture. The presence of a background
with or without a single nuclear composition would somewhat deteriorate our ability
to reject a given hypothesis.
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• We have considered as known, and equal, the power law for all the energy spectra.
Variations from this behavior could also have an effect on our results.
• Both the angular and energy reconstruction resolution of POEMMA have to be
considered in a complete analysis. The angular resolution, roughly estimated to be
of the order of 1◦ , should not degrade the quality of our analysis significantly. The
estimated 20% energy resolution is also expected to have a minor impact. Indeed
the uncertainties introduced by these considerations would fall within errors of our
working assumptions.
In summary, in a few years of operation the future NASA’s POEMMA mission will
provide an a priori test of the evidence for hot spots reported by the Auger [23, 243] and
TA [104] collaborations. We have shown that POEMMA satellite stereo observations will be
able to determine the UHECR composition using the distribution of arrival directions. This
new method to determine the nature of the particle species is complementary to those using
observables of extensive air showers, and therefore is unaffected by the large systematic
uncertainties of hadronic interaction models.

4.2. The Galactic magnetic field in the light of starburst-generated
ultrahigh-energy cosmic rays
. Auger data show evidence for a correlation between ultrahigh-energy cosmic rays
(UHECRs) and nearby starburst galaxies. This intriguing correlation is consistent with
data collected by the Telescope Array, which have revealed a much more pronounced
directional “hot spot” in arrival directions not far from the starburst galaxy M82. In this
work, we assume starbursts are sources of UHECRs and investigate the prospects to use
the observed distribution of UHECR arrival directions to constrain Galactic magnetic field
models. We show that if the Telescope Array hot spot indeed originates from M82, UHECR
data would place a strong constraint on the coherent and turbulent components of the
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Galactic magnetic field.

4.2.1. Introduction
Magnetic fields are one of the most challenging astrophysical phenomena to measure. We
do have indications that magnetic fields are everywhere in the Universe, but they are often
very weak and challenging to characterize in detail. The Milky Way is host to a magnetic
field on the order of 10−6 G, which is nearly a million times smaller than the Earth’s
magnetic field. We know magnetic fields exist on galaxy scales and larger in the Universe,
but we do not know how they got there, neither we do completely understand their role
in how the Universe has evolved. Our observational and theoretical understanding of
magnetic fields in the Milky Way and of the global structure of the Galactic magnetic
field (GMF) has matured over many decades [341, 342], with a new-generation of more
sophisticated and quantitatively-constrained models emerging in the last decade [22, 310,
311, 343–346].
GMF models are constrained by:
(i) Multi-frequency radio observations of the Faraday rotation of extragalactic radio sources. The
polarization plane of a linearly polarized electromagnetic wave which propagates
through a magnetized plasma rotates by an angle ψ proportional to the square of
the wavelength λ, i.e. ∆ψ = RM λ2 . To determine the rotation measure RM we then
require multi- or at least bi-frequency observations. The value of RM is proportional
to the line-of-sight integral

∫D
RM = c1

dx3 ne B k ,

(4.16)

0

where c1 ' 2.7×10−23 rad/µG is the proportionality constant, B k is the the longitudinal
component of the GMF, D is the distance to the source, and and ne is the density of
thermal electrons of the warm ionized medium of the Galaxy [347].
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(ii) Measurements of the polarized synchrotron emission of cosmic-ray electrons. Galactic
synchrotron emission sets a constraint on the GMF that is complementary to the
one from RMs, because synchrotron emission depends on the transverse GMF B⊥ ,
weighted by the relativistic (a.k.a. cosmic-ray) electron density nCRe . The polarization
state of linearly polarized light is specified by the Stokes parameters Q and U, with
each proportional to the polarized intensity (PI)

∫D
PIi ∼
0

dx3 ij3 nCRe B2j ,

(4.17)

where Bi with i = (1, 2) are the components of B⊥ , and ij3 are components of the
Levi-Civita tensor ijk [348]. The orientation of B⊥ can be inferred from the Stokes
parameters Q and U.
Exploiting the interconnections (4.16) and (4.17) between the GMF and the physical observables depends on our understanding of the thermal and relativistic electron distributions.
The GMF also deflects ultra-high energy cosmic rays (UHECRs). For a cosmic ray of
® is related to the the point of entry into the
energy E and charge Ze, the arrival direction ξ
® + δ,
® where δ® is proportional to the line-of-sight integral
Galaxy ζ® according to ζ® = ξ

∫D
δi = c2
0

dx3 ij3 B2j ,

(4.18)

with c2 = Ze/(E µG). The similarities between (4.16), (4.17), and (4.18) suggest that
knowing the nuclear composition of UHECRs and each point of entry into the Galaxy, the
distribution of arrival directions provides a robust constraint on the GMF.
The current upper limit on the extragalactic magnetic field is B ∼ 1 nG [334], and so the
typical deflection from a source 3.5 Mpc away is estimated to be [21, 336]

δθeg



E
. 1.5 Z
10
10 GeV
◦

 −1

.

(4.19)

117

4. cosmic ray propagation through magnetic fields
For reasons outlined below, herein we are interested in UHECR nuclei of Z 6 8 and
E & 1010.6 GeV. For nearby sources, the expected deflections of these nuclei on the
extragalactic magnetic field are . 3◦ . This implies that the galactic longitude l and latitude
b indicating the UHECR point of entry into the Galaxy are roughly coincident with the
coordinates of the source location.
In summary, to constrain the GMF using UHECR observations we need high-resolution
measurements of the arrival direction distribution and the mass spectrum, and we also
need to identify the sources. To successfully fit our guides, we start out in the next section
by pinpointing a possible correlation between UHECRs and starburst galaxies (SBGs),
as a first step in the source identification. In the last section, we estimate the expected
deflections from nearby starbursts on the basis of existing GMF models and comment on
the prospects to measure the mass spectrum with future experiments.

4.2.2. Setting the Stage
We have long been suspecting that SBGs are sources of UHECRs [96]. Over the years,
stronger and stronger experimental evidence has been accumulating indicting a possible
correlation between the arrival directions of the highest energy cosmic rays and nearby
SBGs [23, 97, 243, 349].
Using data collected by the Pierre Auger Observatory, the hypothesis of UHECR emission
from the 23 brightest nearby SBGs with a radio flux larger that 0.3 Jy (selected out the 63
objects within 250 Mpc search for γ-ray emission by the Fermi-LAT Collaboration [184]) was
tested against the null hypothesis of isotropy through an unbinned maximum-likelihood
analysis [23]. The adopted test statistic (TS) for deviation from isotropy being the standard
likelihood ratio test between the starburst-generated UHECR sky model and the null
hypothesis. The TS was maximized as a function of two free parameters (the angular radius
common to all sources, which accounts in an effective way for the magnetic deflections, and
the signal fraction), with the energy threshold varying in the range 1010.3 . E/GeV . 1010.9 .
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For a given energy threshold, the TS for isotropy follows a χ2 distribution with two degrees
of freedom. The TS is maximum above 1010.6 GeV, with a local p-value of 3 × 10−6 . The
smearing angle and the anisotropic fraction corresponding to the best-fit parameters are
◦

13+4
and (10 ± 4)%, respectively. Remarkably, the energy threshold of largest statistical
−3
significance coincides with the observed suppression in the spectrum [243], implying that
when we properly account for the barriers to UHECR propagation in the form of energy loss
mechanisms [27, 28] we obtain a self consistent picture for the observed UHECR horizon.
The scan in energy thresholds comes out with a penalty factor, which was estimated
through Monte-Carlo simulations. The post-trial chance probability in an isotropic cosmic
ray sky is 4.2 × 10−5 , corresponding to a 1-sided Gaussian significance of 4σ [23].
Very recently, the Telescope Array (TA) Collaboration carried out a test of the reported
correlation between the arrival directions of UHECRs and SBGs [23]. The data are
compatible with isotropy to within 1.1σ and with Auger result to within 1.4σ, and so the TA
Collaboration concluded that with their current statistics they cannot make a statistically
significant corroboration or refutation of the reported possible correlation between UHECRs
and SBGs [123]. However, TA data have revealed a pronounced directional “hot spot” [124]
in arrival directions not far from the starburst galaxy M82 [126, 127]. In this work we show
that if the TA hot spot indeed originates from M82, UHECR data would place a strong
constraint on GMF models.
The most recent search for hot spot anisotropies is a joint effort by the Auger and TA
collaborations considering 840 events recorded by Auger with EAuger > 1010.6 GeV and 130
events recorded by TA with ETA > 1010.73 GeV [315]. Before proceeding, we pause to note
that even though the techniques for assigning energies to events are nearly the same in both
experiments, there are differences as to how the primary energies are derived at Auger
and TA, with systematic uncertainties in the energy scale of the experiments amounting to
about 14% and 21% respectively, corresponding to about 70% uncertainty in the flux above
a fixed energy threshold. By comparison, the uncertainties on the respective exposures are
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minor ( . 1% and ' 3%, respectively). Therefore, it is necessary to cross-calibrate the energy
scales of the two datasets to avoid introducing a spurious North/South asymmetry due to
an energy scale mismatch. This is accomplished by exploiting the wide declination band
(−16◦ . δ . +45◦ ) where the two datasets overlap. Regardless of the true arrival direction
distribution, within a region of the sky ∆Ω fully contained in the field of view (FoV) of
both observatories, the sum over observed events

Í

i 1/ω(ni )

(where ω is the directional

exposure of each observatory in the direction ni , in km yr units) is an unbiased estimator
of

∫
∆Ω

Φ(n) dn (where Φ is the directional UHECR flux integrated above the considered

energy threshold, in km−2 yr−1 sr−1 units) and should be the same for both experiments
except for statistical fluctuations. This criterion is generally adopted to cross-calibrate
the energy scales and to determine EAuger and ETA such that the Auger flux above EAuger
matches the TA flux above ETA .5 The most significant excesses observed in a 20◦ search
are at: (l, b) ≈ (303.0◦ , 12.9◦ ) and (l, b) ≈ (162.5◦ , 44.4◦ ), with local (Li-Ma [318]) statistical
significance for the rejection of the null (background only) hypothesis of 4.7σ and 4.2σ,
respectively. The Li-Ma significance map of this data-sample is shown in Fig. 4.14. The
most significant hot spot is near the location of starburst galaxies NGC 4945 and M83. The
starburst galaxy M82 is at the northern edge of the TA hot spot. A warm spot is also visible
in the skymap near the direction of the closest starburst NGC 253. In closing, we note
that the clear and convincing evidence for the correlation between UHECRs and SBGs is
further supported by a solid framework for particle acceleration to the highest observed
energies [26, 98, 161]. In our calculations we will then assume that SBGs are the sources of
UHECRs.

the region of the sky which is mostly used spans the declination band −12◦ 6 δ 6 +42◦ . This is
because including directions too close to the edge of the FoV of one of the observatories would result in
larger statistical fluctuations due to very large values of 1/ω(ni ) near the edge.

5 Actually,
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Figure 4.14.: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in
20◦ radius windows for 840 events recorded by Auger with E > EAuger and 130 events
recorded by TA with E > ETA . The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive)
significance of deficits. We have superimposed the expected deflections from UHECR
protons with E = 1010 GeV as predicted by the PTKN (white) [310] and JF (black) [22,
311] models [159, 314, 350]. The beginning of the arrows indicate the location of the
sources and the tip of the arrows indicate the arrival direction on Earth. The Galactic
Center is at the center of the skymap. The RGB color components of the skymap and
legend presented in [315] were sampled taking enough points per pixel to ensure that
no information is loss. To each point sampled from the skymap, we associate a value
for the Li-Ma significance given by the corresponding value of the legend pixel that
is closest to the skymap pixel. The closeness is measured by a euclidean distance in
the RGB space. The coordinates of the pixels were transformed successively by an
inverse Mollweide projection, an equatorial to galactic coordinate transformation, and a
Mollweide projection to create the new skymap shown in this figure.
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4.2.3. Results and Conclusions
The global structure of the GMF can be divided into the halo and disk components.
Each component can further be subdivided into a coherent regular field Breg , which
yields directional deflections and a random field Brand . Pshirkov, Tinyakov, Kronberg and
Newton-McGee (PTKN) used data from the NRAO VLA Sky Survey rotation measures
catalog [351] to constrain the GMF [310]. The observed distribution of RMs over the sky
disfavors ring disk models. A spiral disk and anti-symmetric halo structure best fit the data.
Targeted observations of Galactic structures and high resolution synchrotron mapping of
external galaxies such as in the CHANGES survey [352] as well as sky maps of polarized
and unpolarized Galactic synchrotron emission from WMAP were considered by Jansson
and Farrar (JF) to complement RMs and develop a sophisticated GMF model [22, 311].
(The 7-year WMAP synchrotron maps [353] were used in the original JF analysis [22, 311];
the 9-year final WMAP data release [354] and the Planck 2015 data release [355] were
considered in the update of [344].) The JF model contains three distinct components: (1) a
coherent large-scale field, with disk, halo and out-of-plane components, (2) a fully random
field specified by its spatially-varying rms field strength, and (3) a “striated” random field.
(1.a) The disk component of the coherent field is toroidal in the inner “molecular ring”
region from 3 − 5 kpc, beyond which it has a logarithmic-spiral geometry. The typical
strength of the coherent disk field in the magnetic arms is roughly 1 µG, with maximum
values of a few µG. (1.b) The regular halo component is modelled as oppositely directed
coherent toroidal fields above and below the Galactic Plane. The sense of rotation below
the plane (Southern hemisphere) is in the same direction as the rotation of the disk. The
toroidal fields reach their maximum strength 𝒪(µG) about 1 kpc away from the plane,
beyond which they decline slowly reaching half their peak value at about 5 kpc. (1.c) The
out-of-plane halo component of the coherent field or (X-field) is azimuthally symmetric
and poloidal; its strength is 5 µG at the Galactic center, diminishing rather slowly with
distance from the Galactic plane. The radial-scale length of the X-field is about 3kpc and
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its value in the solar neighborhood is approximately 0.2 µG. The sense of the halo toroidal
fields are consistent with their resulting from differential rotation of the coherent poloidal
X-field. The disk, toroidal halo, and X fields were required to be separately divergenceless,
so their free parameters could be adjusted independently. (2) The random field is modelled
as a superposition of a disk component whose spiral-arms are the same as those adopted
for the coherent field, but with independently fitted rms field strength, and a smooth halo
component. The halo field has an azimuthal component, which can be characterized by
its overall rms strength, and radial and vertical scale lengths. The understanding of the
random field structure and its maximum strength are muddled by the uncertainty in nCRe .
The best-estimate for the maximum field strength is 𝒪(10 µG). (3) The striated field is
aligned with the local coherent field and its rms strength is locally proportional to the
coherent field strength, that is B2stri ∝ B2reg .
Using (4.18), the expected deflections of UHECRs when crossing a distance L of the
Galaxy are estimated to be [350]



E
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×
kpc 2 µG

(4.20)

This implies that particles in the energy range 1010.6 . E/GeV . 1011.3 , which would suffer
deflections of ∼ 13◦ , are most likely CNO, with Z 6 8. Note that the helium contribution
to the flux will be largely suppressed because of energy loss during propagation [327].
In our calculations we then take as fiducial a particle rigidity of 1010 GV. For, Z = 1 and
E = 10 EeV we have c2 = 3 × 10−23 rad/(µG cm) [347]. For further reference, c1 /c2 = 0.9 cm.
In Fig. 4.14 we show the expected deflection for protons of E = 1010 GeV according to the
PTKN [310] and JF [22, 311] GMF models [159, 314, 350]. It is clear from the figure that
the expected deflections are consistent (at least at the qualitative level) with the observed
excess in Auger data. However, on the assumption that the TA hot spot originates in the
SBG M82 we conclude that the expected deflections exhibit a poor representation of the TA
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data. More concretely, the expected deflections of UHECRs entering the Galaxy from the
direction of M82 shown in Fig. 4.14 are towards the Galactic north-east of the M82, whereas
the center of the TA hot spot is in the Galactic north-west direction of the source. Note that
this is the case for both GMF models shown in the figure, and also for all possible variations
of the JF configuration discussed in [344]. We conclude that if the starburst hypothesis is
validated by future Auger data, then M82 must be a powerful source of UHECRs and must
dominate the contribution to the TA hot spot. This can be used to constrain the GMF with
future UHECR data, for which the nuclear composition of each event is known.
The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a NASA space-based
mission [261]. POEMMA is optimized for the measurement of extensive air showers (EASs)
from UHECRs using the stereo air fluorescence technique, and from neutrino induced
upward-going EASs via optical Cherenkov detection. POEMMA makes observations in
umbra and in low moonlight conditions. POEMMA is designed to reach unprecedented
geometrical apertures > 106 km2 sr yr, which after duty cycle corrections, correspond to
annual exposures of more than 105 km sr yr at the highest energies. POEMMA is composed
of two identical satellites flying in formation with the ability to observe overlapping regions
during moonless nights at angles ranging from nadir to just above the limb of the Earth.
The satellites will fly at an altitude of about 525 km, with separations ranging from 300 km
for stereo fluorescence UHECR observations to 25 km when pointing at the Earth’s limb
for both fluorescence and Cherenkov observations of UHECRs and cosmic neutrinos. The
satellites will orbit the Earth with a period of 95 minutes, orbiting the Earth ∼ 15 times per
day. POEMMA has full-sky coverage due to its orbit at 525 km altitude and 28.5◦ inclination
and the very large field-of-view (45◦ ) for each satellite. The ability of the space-based
POEMMA telescopes to tilt towards the northern or southern hemisphere allows for the
sky exposure can be enhanced for a specific hemisphere. Likewise, it is easy for POEMMA
to view north or south for a sequence of orbital periods to further tailor the UHECR sky
coverage for possible source locations.
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The atmospheric column depth at which the longitudinal development of an EAS
reaches maximum, Xmax , is a powerful observable to determine the UHECR nuclear
composition. Detailed simulations of POEMMA’s UHECR exposure, angular resolution,
and Xmax resolution were performed using the instrument design [356]. POEMMA stereo
observations of EASs will have high angular resolution . 1◦ for E > 1010.5 GeV. The
fine angular resolution leads to accurate 3-dimensional reconstruction of the EASs, with
energy resolution of ∼ 20% and Xmax resolution of ∼ 35(1010.6 GeV/E)0.55 g/cm2 . The
event-by-event composition measurements together with the full-sky distribution of arrival
directions will provide a profitable data-sample for constraining GMF models.
In summary, the GMF has always been seen as a hindrance for charged particle astronomy.
In the spirit of [357], here we have shown that now we can turn things around and use
UHECR deflections to constrain GMF models.
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c o s m i c n e utrinos and particle
physics

In this chapter I present my contributions to the understanding of neutrino cosmic
rays. Specifically, the work in this chapter studies the spectrum of astrophysical
neutrinos and the possibility that it exhibits a change in the slope at about few
hundreds TeV, which could point to a transition between different astrophysical
neutrino sources. Besides that, the possibility of using IceCube data to probe the
neutrino cross sections beyond accelerator energies is also explored.
Published works
“Evidence for a break in the spectrum of astrophysical neutrinos”. In: Phys. Rev. D 95 (8
Apr. 2017), p. 083009. doi: 10.1103/PhysRevD.95.083009.
“Probing strong dynamics with cosmic neutrinos”. In: Physical Review D 100.10 (10 Nov.
2019), p. 103001. doi: 10.1103/physrevd.100.103001.

5.1. Evidence for a break in the spectrum of astrophysical neutrinos
The announcement by the IceCube Collaboration of the observation of 53 astrophysical
neutrino candidates in the energy range 0.03 . Eν /PeV . 2 has been greeted with a great
deal of justified excitement. Herein we provide fits of single and a broken power-law
energy-spectra to these high-energy starting events (HESEs). By comparing our statistical
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results from fits to (background-free) shower HESE data with the spectral shape of muon
neutrinos recently reported by the IceCube Collaboration, we show that there is (3σ)
evidence for a break in the spectrum of astrophysical neutrinos. After that we use the fitted
result to predict the rate of Glashow events (in the ≈ 6.3 PeV region) and double-bang tau
neutrino events (in the PeV region) just at the threshold of IceCube detection.

5.1.1. Introduction
In 2012, the IceCube Collaboration reported the observation of two ∼ 1 PeV neutrinos, with a
p-value 2.8σ beyond the hypothesis that these events were atmospherically generated [358].
The search technique was refined to extend the neutrino sensitivity to lower energies [359],
resulting in the discovery of an additional 26 neutrino candidates with energies between
30 TeV and 2 PeV, constituting a 4.1σ excess for the combined 28 events compared to
expectations from muon and neutrino atmospheric backgrounds produced by cosmic rays
which strike the Earth’s atmosphere [360]. With foresight (and luck) some of us used these
early IceCube data to find the most probable neutrino spectral index, γ, assuming a single
index describes the data, with the result γ = 2.3 − 2.4 [361]. Subsequent studies by the
IceCube Collaboration with a larger data sample bolster our results [362].
At the time of writing, 54 “high-energy starting events” (HESE’s), i.e. events initiated
within the IceCube detector volume by entering neutrinos, have been reported in four
years of IceCube data taking (1347 days between 2010 − 2014). With these events, a purely
atmospheric explanation is rejected at more than 5.7σ [363]. The data are consistent
with expectations for equal fluxes of all three neutrino flavors [364, 365]. The analysis
of all four years of data using an unbroken power law yields a best-fit spectral index
of γ = −2.58 ± 0.25, which is compatible with the 3-year result [363]. While the HESE
flux above 200 TeV can be accommodated by a single power law with a spectral index
γ = 2.07 ± 0.13 [366], lowering the threshold revealed an excess of events in the 30 − 200 TeV
energy range [362], raising the possibilities that the cosmic neutrino spectrum does not
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follow a single power law, and/or may be contaminated by an additional charmed particle
background [367, 368].
Indeed, quite recently the IceCube Collaboration reported a combined analysis based
on six different searches for astrophysical neutrinos [369]. Assuming the neutrino flux to
be isotropic and to consist of equal flavors at Earth, the all flavor spectrum with neutrino
energies 25 TeV 6 Eν 6 2.8 PeV is well described by an unbroken power law with best-fit
spectral index −2.50±0.09 and a flux at 100 TeV of (6.7+1.1
)×10−18 (GeV s sr cm2 )−1 . Splitting
−1.2
the data into two sets, one from the northern sky and one from the souther sky, allows
for a satisfactory power law fit with a different spectral index for each hemisphere. The
best-fit spectral index in the northern sky was found to be γN = 2.0+0.3
, whereas in the
−0.4
southern sky it was γS = 2.56 ± 0.12. The discrepancy with respect to a single power law
is found to be 1.1σ [369]. It is tempting to speculate that the different observed spectral
indices (γN and γS ) could be a harbinger of a real anisotropy between the two hemispheres.
A lower energy contribution to the Southern hemisphere might be expected since much
of the Galactic Plane (including its center [370]) lies in the Southern hemisphere [371].
An excess of lower energy events would push the spectral index of the single power-law
Southern hemisphere to a larger |γS | value. The hard spectral index γN is supported by a
complimentary study using charged current muon neutrino events where the interaction
vertex can be outside the detector volume [372]. This analysis, which includes IceCube data
from 2009 through 2015 with the field of view restricted to the Northern hemisphere so
−(2.13±0.13)

that the Earth filters out atmospheric muons, suggests a neutrino spectrum ∝ Eν

,

for neutrino energies 191 TeV 6 Eν 6 8.3 PeV.
Independently of the presence or absence of the Galactic component of the astrophysical
neutrino signal, a significant contribution to the flux could come from a population of
extragalactic cosmic ray sources; for a review see e.g.
To investigate possibilities, in this article we perform a study to constrain the spectral
shape of the diffuse neutrino flux. Our intent is to establish whether or not a statistically
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significant break exists using data with reasonably well-known neutrino energies from
30 TeV to 10 PeV. This includes essentially the entire IceCube range, and as we know, the
relative surplus of lower energy events and absence of events above 2.3 PeV give significant
constraints on the spectrum. It is not our intent in this paper to provide an explanation for
a break, if it exists. See [373–376] for some illustrative examples of two-component models.
The layout of the paper is as follows. In Sec. 5.1.2 we provide an overview of neutrino
detection at IceCube, and describe the different event topologies resulting from the universal
neutral current (NC) and individual charged current (CC) interactions of the three neutrino
flavors. In Sec. 5.1.4 we describe the particulars of our likelihood approach and present
spectral fits to the neutrino data. We display results from the analysis of HESE events
initiated by electron and tau neutrinos, considering single and double exponential models.
We also show a fit to the entire HESE data sample to ascertain whether the event topologies
characteristics of muon showers are consistent with the fit including all particle species.
As discussed below, knowledge of the incident muon neutrino energy Eν does not predict
dep

the energy deposited in the IceCube detector by the muon track Eµ , and vice versa; the
statistical relation between the two is derived in §5.1.3. Our analysis is similar in spirit
and procedure to that in [377]. However, a key difference is that we consider only shower
events, so that we have a sample of events free from atmospheric-background (even the
νµ NC is not expected to give background events in our small sample). The trade off in
lowered statistics is more than compensated by the purity of the sample events. Then, by
comparing our shower-only analysis with the recent IceCube study on muon events, we
are able to establish for the first time a break in the spectrum at the 3σ (99.7% CL) level.
This evidence for the broken power law is our main result. The prospects for the not so
distant future, including our predictions for the Glashow events [378] and double-bang tau
neutrino events [379] from the Southern and Northern skies are presented in Sec. 5.1.5.
The paper wraps up with some conclusions presented in Sec. 5.1.6.
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5.1.2. Neutrino interactions at IceCube
Neutrino (antineutrino) interactions in the Antarctic ice sheet can be reduced to three
categories: (i) In CC interactions the neutrino becomes a charged lepton through the
exchange of a W ± with some nucleon N, ν` (ν̄` ) + N → `± + anything, where lepton flavor
is labeled as ` ∈ {e, µ, τ}. (ii) In NC interactions the neutrino interacts via a Z transferring
momentum to jets of hadrons, but producing a neutrino rather than a `± in the final state:
ν` (ν̄` ) + N → ν` (ν̄` ) + anything. The scattered ν` exits the detector, carrying away energy,
and so the observed energy presents a lower bound for the incident ν` energy. All three
neutrino flavors exhibit a NC. These two possibilities are then projected onto two kinds of
IceCube topologies to yield the three final possibilities: (i) “Shower” (𝒮) events result from
all three flavors of NC events, and from the CC events of the electron and tau neutrinos
below ∼ 2 PeV. Shower events (also called “cascade” events) refer to the fact that energy is
deposited no charged tracks (produced by muons or taus) are observed. (ii) Below a few
PeV, “track” (𝒯 ) events are produced only by the muon neutrino CC. The νµ CC creates
a muon and a hadronic shower within the IceCube detector, the muon track contributes
to the deposited energy, but then the muon is seen to exit the detector as a single track
of unknown energy. The deposited energy is only a lower bound to the incident muon
neutrino energy.
At ντ energies above 3 PeV, ντ CC interactions begin to produce separable double bang
events [379], with one smaller-energy shower produced by the initial ντ collision in the ice,
and the second larger-energy shower resulting from the subsequent τ decay. At the lower
energies of the data to which we fit, the showers tend to overlap one another and so are not
discernible; at the energies of our fits, the νe ’s and ντ ’s are virtually indistinguishable (see,
however, [380]). The correlations between the (NC, CC) ⊗ (𝒮, 𝒯 ) are shown in Table 5.1.
The classification of observed events in different topologies is not always straightforward. While almost all NC νµ events are generally correctly classified as showers, a non
negligible number of CC νµ events, of both atmospheric and astrophysical origin, could be
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Table 5.1.: Event topology for each neutrino flavor.
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Figure 5.1.: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC
scattering according to HERAPDF1.5; σCC and σNC , respectively. Taken from Ref. [381].
misclassified as showers if the muon has too little energy or is produced near the edge of
the detector, escaping in both cases without enough energy deposited to be detected [362,
364]. The effects of these misclassifications have been studied in great detail in Ref. [365,
377]. While accounting for misclassifications increases the fraction of µ-neutrinos and may
have influence on the flavor ratios, with present statistics it does not influence the shape
of the spectrum for a shower plus track analysis [365]. We expect only small differences
in the cases where only showers are analyzed. In light of this, we assume here the event
topologies at face value as given in [363].
It is appropriate to compare the NC shower rate to the CC shower rate. For the reference
SM cross sections, we choose the results from perturbative QCD calculations constrained
by HERAPDF1.5 shown in Fig. 5.1. These cross sections have been the benchmarks adopted
by the IceCube Collaboration [360]. In the SM, over the energy range we explore here, the
NC cross section is 29% of the total cross section, and the CC cross section makes up the
remaining 71%. Moreover, for the NC, the deposited shower energy in the SM is 25% of
the incident neutrino energy on average, whereas for the CC, the deposited shower energy
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is 100% of the incident neutrino energy [382]. For an energy falling as power law with
29
index γ, the ratio of NC to CC showers at fixed Edep is therefore NC/CC= ( 32 )( 71
) (0.25)γ ,

where the

3
2

is due to all three flavors contributing to the NC showers, but just two flavors

contributing to the CC showers. This ratio is smaller than 4% for γ > 2. In what follows,
we account for the NC contribution by weighting the IceCube target mass with the cross
sections shown in Fig. 5.1, and accept the few percent under/over estimate of the flux
normalization resulting from uncertainties in the weightings.
We have the three categories of events at this point, CC and NC showers and CC tracks.
For the CC HESE shower events, no track leaves the detector and Edep equals the incident
neutrino energy, Eν . For the CC HESE track events, some energy leaves the detector in
the muon track, and a statistical equation relates observed Edep to Eν , as given in §5.1.3.
Moreover, the muon neutrino events are plagued by atmospheric backgrounds (mainly at
the lower energies). It is estimated that in the four years of data collection, for Eν & 30 TeV,
12.6 ± 5.1 events are atmospherically-produced down-coming (Southern) background
muons, and another 9.0+8.0
events are atmospherically-produced neutrino events [363]. The
−2.2
ratio of atmospherically-produced νµ ’s to νe ’s is order ten [383], and so the atmospheric
contamination that plagues the non-atmospheric νµ CC is not present for our sample of νe
or ντ CC, or for the NC interactions of all flavors. Accordingly, we choose to analyze just
two of the three original categories of events, namely the NC and CC shower events, and
avoid the track events completely. Later in this paper we will analyze how CC muon track
events would impact the results of the present shower analysis.
At the energies of existing data, νe ’s and ντ ’s are indistinguishable in their interactions.
The electromagnetic cascade triggered by the CC interactions of νe and ντ ranges out
quickly. Such a cascade produces a nearly spherical light profile, and therefore exhibits a low
angular resolution of about 15◦ to 20◦ [360]. However, a fully or mostly contained shower
event provides a relatively precise measurement of the νe/τ energy, with a resolution of
∆(log10 Eν ) ≈ 0.26 [384]. We note that the quality of the energy and angle inference is
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Figure 5.2.: IceCube effective areas for the different neutrino species.
reversed for the CC interactions of νµ induced events. In this case, the secondary muon
leaves behind a track of Cherenkov light of length a km or more. Muon tracks point
nearly in the direction of the original νµ , allowing one to infer the arrival direction from
the observed track with high angular resolution (say ∼ 0.7◦ ). On the other hand, the
dep

electromagnetic equivalent energy deposited Eµ represents only a lower bound on the genuine
νµ energy. The authentic νµ energy may be up to a factor 5 larger than the deposited
energy. NC interactions of all ν flavors also produce showers, but with a rate 60% (i.e.
3
2

×

29
71 )

that of CC interactions at the same incident neutrino energy, and with a much

smaller shower energy (i.e. (0.25)γ ) , as we have already noted.
Each of these mentioned effects, and the geometric particulars of the IceCube detector,
are included in the effective areas for HESE events which have been published by the
IceCube Collaboration [360] and are shown in Fig. 5.2. Conveniently, these Aeff (Eν )’s are
separated into those for the Northern hemisphere (up-going for IceCube at the South
Pole) and those for the Southern hemisphere (down-going for IceCube). Included in this
separation of effective areas is the absorption of up-going (Northern) neutrinos by the
Earth matter. Thus, the systematics differ for the Norther and Southern neutrinos, but is
encapsulated in the Aeff (Eν )’s. (What is not included in the Aeff (Eν ) of νµ is the relation
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Figure 5.3.: Number distributions for up- and down-going HESE events. (Each dark “event”
is an overlap of two events, one up-going and the other down-going.)
dep

between Eµ and Eνµ , which we provide in §5.1.3.)
In our analysis we use the full 1347-day HESE sample which contains 54 events. One
of the events observed in the third year (event #32) was produced by a coincident pair of
background muons from unrelated cosmic ray air showers and has now been excluded
from the sample. The remaining events can be classified according to the arrival direction
into North and South. Herein we use the best fit of the arrival direction to define the North
and South subsamples. Out of the 53 events, 39 are showers. In our analysis we remove
the low energy events by setting an energy threshold Eν > 101.52 TeV ' 33.11 TeV. Above
this energy there are 32 showers and 14 tracks, the latter events including atmospheric
background. The numbers for up- and down-going shower events are 9 and 23, respectively.
The energy distribution of these numbers are shown in Fig. 5.3.
To summarize this section, for the energy range of present data, there are two different
topologies for the events registered at IceCube, namely tracks and showers. The number of
track events is expected to be smaller than the number of shower events by factor of ∼ 6,
and the background for the track events at lower energies is formidable. The CC and NC
origins of these topologies are summarized in Table 5.1.
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In the next section we present a full-likelihood approach to fit the CC and NC shower
IceCube data sample, which allows us to constrain the shape of the energy spectrum of
astrophysical neutrinos.

5.1.3. Energy-dependent Muon Absorption
As explained in Sec. 5.1.2, at the energies of present IceCube HESE data, NC and CC
interactions of the neutrinos deposit all their energy into shower energies, except for the
CC interaction of the muon neutrino. For HESE νµ events, a track begins in the IceCube
detector, but usually continues beyond the detector’s border. We wish to know the relation
dep

between the incident neutrino energy Eν and the energy deposited Eµ in the IceCube
detector. To this end, we begin with the differential equation for the muon energy loss in a
medium.
dEµ
= −(a + b Eµ ) ,
d`

(5.1)

where a and b are slowly varying functions of muon energy Eµ that also depend on the
medium in which the muon propagates. The coefficient a characterizes the ionization
losses of the muon, and b characterizes the other losses due to bremsstrahlung, e+ e− pair
production, nuclear interactions. For muon transit through ice at energies in the 30 TeV
to 2 PeV range, we follow [385] and take a = 0.28 TeV/km and b = 0.28/km (and so
a/b = 1 TeV. ). Although the true energy losses are known to be stochastic rather than
continuous, the average values characterized by a and b parameters which we use in the
continuous loss formula above are quite accurate [386]. The solution to Eq. (5.1) is

Eµ (`) +

a h
a i −b`
= Eµ (0) +
e
.
b
b

(5.2)
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The deposited energy from muon losses over the detector distance ` is then
dep

Eµ

h

= Eµ (0) − Eµ (`) = Eµ (0) +

ai
(1 − e−b` ) .
b

(5.3)

The number of events due to an incident muon-neutrino of energy Eν , with deposited
dep

energy Eµ , is

d2 N
dep

= (∆Ω T )

dEµ dEνµ



ν
Aeffµ (Eν )

Φνµ (Eν )

∫ `max
×
`min

 ∫ Eν



1 dσCC
(Eµ (0), Eν )
dEµ (0)
dep
σCC dEµ (0)
Eµ



i o
a 
d` n dep h
−b`
δ Eµ − Eµ (0) +
1−e
. (5.4)
L
b

The length integral here averages the distance traveled by the muon in the detector, and so
L = `max − `min . We take `min = 300 m so that an identifiable track is produced [387] and
take `max equal to the IceCube detector size of 1 km. (For future use, we note that these
choices imply the values (1 − e−b`max ) = 0.244, and (1 − e−b`min ) = 0.081.)
In fact the deposited energy includes a hadronic contribution. We define Edep =
dep

Eµ + Ehad , and turn to the commonly-used y-distribution notation for simplicity. One
defines y ≡ Ehad /Eν . Then it follows that Eµ (0) = (1 − y) Eν , and one has Ehad = yEν , and

h

Edep = (1 − y) Eν +


ai 
1 − e−b` + y Eν .
b

(5.5)

We arrive at




 ∫1
d2 N
1 dσCC
νµ
= (∆Ω T ) Aeff (Eν ) Φνµ (Eν )
dy
(y, Eν )
σCC dy
dEdep dEνµ
0
∫ `max
×
`min


io
d` n dep h
a 
−b`
δ E
− (1 − y) Eν +
1−e
+ yEν
. (5.6)
L
b
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dep

The integration limits on y follow from Edep = Eµ + Ehad , where y = 1 corresponds to
dep

pure Edep = Ehad , and y = 0 corresponds to pure Edep = Eµ .
Note that the δ-function may be written
δ {` − `0 }
,
b Eν + a/b − Edep

(5.7)

where the root `0 (Eν , y, Edep ) is the effective range for the muon
1
`0 = ln
b









Eν + a/b − y Eν
(1 − y)
1
≈ ln
.
dep
b
Eν + a/b − E
1 − Edep /Eν

(5.8)

The second rendition ignore the small term a/b ∼ TeV. We remark that as a check, the
argument of the logarithm is always greater than one, so the log is always positive.
The d`/L integral over the δ-function is easily done analytically to yield

h



(Lb) Eν + a/b − E

dep

 i −1

,

(5.9)

while from `min 6 `0 6 `max come the additional integration limits

(5.10)

ymin 6 y 6 ymax

with



ymin

(Eν + a/b) (1 − e+b`max ) + Edep e+b`max
≡
Eν



ymax

(Eν + a/b) (1 − e+b`min ) + Edep e+b`min
≡
Eν





(5.11a)

.

(5.11b)

The new extent of the y-range is ∆y ≡ (ymax −ymin ) = (e+b`max −e+b`min ) (Eν +a/b−Edep )/Eν .
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We have




 ∫ (1,ymax )
d2 N
1 dσCC
(∆Ω T )
νµ
(y, Eν ) .
=
dy
 Aeff (Eν ) Φνµ (Eν )
dep
σ
dy
dEdep dEνµ
(L b) Eν + a
−
E
CC
(0,
y
)
min
b
(5.12)

Equation (5.12) gives the allowed incident neutrino energies Eν that can lead to the
observed deposited energy Edep , and conversely, gives the deposited energy values Edep that
can result from an incident neutrino energy Eν . The average neutrino energy giving rise to
Edep is readily obtained by integrating Eq. (5.12) over Eν and dividing by an appropriate
∆Eν . Here’s a parameter count: (i) The integration on y, or equivalently, choosing hyi,
eliminates y; we are left with independent (Edep , Eν , `). (ii) Then integrating ` subject to
the δ-function eliminates on more variable, so we are left with two independent variables.
(iii) The condition for the peak of Eν versus Edep leaves just one independent variable,
which we can take to be Eν . Thus we have Edep (Eν ), or `(Eν ). An approximate form of
Eq. (5.12) is obtained by setting y equal to its average value of hyi, or equivalently, setting
dσ/dy = σ0 δ(y − hyi). Then the final integral in Eq. (5.12) equates to unity. The trivial
result is





ν
Aeffµ (Eν )

Φνµ (Eν )
(∆Ω T )
d2 N
=
 ,
dEdep dEνµ
(Lb) Eν + a/b − Edep

(5.13)

ν

Since Aeffµ is rising with Eν only logarithmically (see Fig. 5.2), and Φνµ is falling with Eν
like a power law, and the denominator is linearly rising with Eν , we see that the allowed
Eν is not symmetric in its allowed region, but rather peaks at or near the lower limit.
Peak values of the exact Eq. (5.12) or the approximate Eq. (5.13) are given by equating
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the differentials d(ln numerator) and d(ln denominator); so we have
d ln



ν
Aeffµ Φνµ

(Eν )

dEν




= Eν +

 −1
a
− Edep
b

(5.14)
ν

as the equation which implicitly determines the peak value of Eν . But Aeffµ (Eν ) Φνµ (Eν )
is a decreasing function of Eν , and hence its derivative with respect to neutrino energy
is negative, but equated with (Eν + a/b − Edep )−1 which is positive. Thus the peak in the
binning is backed up to the boundary value (Eν )bin min , which implies, ` = `max . We get
simply

h

(Edep )peak = hyi Eν + (1 − hyi) Eν +

ai
(1 − e−b`max ) ,
b

(5.15)

with Eν = (Eν )bin min . Typically, b`max is 𝒪(0.3) and a/b is an ignorable 𝒪(TeV), so accepting
a 15% error in the (bracketed) second term on the right-hand side, we get finally
(Edep )peak = [hyi + (1 − hyi) b `max ] (Eν )bin min ;

(5.16)

With hyi ∼ 0.20 − 0.40, one gets (Edep )peak ∼ Eν /2, with roughly half of the deposited
energy arising from the hadronic deposition (the first term in Eq. (5.16)), and half arising
from the muonic deposition (the second term in Eq. (5.16)). The two terms on the right-hand
side contribute equally at hyi = b `max /(1 + b `max ) ∼ 0.22. Inverting Eq. (5.16) is trivial; we
have



Eν
Edep



(Eν )bin min
=
= [hyi + (1 − hyi) b `max ]−1 .
dep
E



peak



(5.17)

The width at half-maximum is given by substituting the value of Edep given in Eq. (5.16)
into Eq. (5.13), setting Eν in Eq. (5.13) equal to Eν + Γ , and setting the entire value equal to
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1
2

of the peak value, i.e. ,
Aeff Φνµ (Eν + Γ )
Eν + Γ
=2
.
Eν
Aeff Φνµ (Eν )

(5.18)
−β

For example, if Aeff Φνµ (Eν ) behaves as a power law with index Eν , then Γ = (21/(1+β) −
1) Eν ; for β = 3.5, we get Γ = 0.165 Eν , and for β = 2.0, we get Γ = 0.260 Eν .
For ν scattering off of a valence quark (antiquark), helicity considerations give hyi =1/2
(1/4), while for ν̄ scattering, hyi has the opposite values, 1/4 (1/2). Since the target
is a combination of quarks and antiquarks, one might expect hyi to be bounded by
0.5 > hyi > 0.25. In fact, when sea quarks and antiquarks dominate over valence quarks,
one might expect the averaged value of (0.50 + 0.25)/2 = 0.375 for hyi, for both quarks and
antiquarks. However, for the sea quarks hyi is determined in part by nontrivial integration
limits ymin > 0, and ymax < 1, and in part by the splitting functions of the partons. As a
consequence, hyi may and does dip below 0.25 at energies & PeV. In [382] it is shown that
hyi is 0.4, 0.32, 0.30, 0.27, and 0.22 at Eν = 30 TeV, 100 TeV, 200 TeV, 2 PeV, EeV (103 PeV),
respectively, and asymptotes at 0.20 above an EeV. The charged-current cross sections
σν
and σν̄
retain some memory of the valence quarks at 30 TeV, but are nearly equal
CC
CC
above 100 TeV. In the weighting for hyi, we have taken this into account. Values are given
in Table 5.2. These values, which validate the issue of energy transfer due to neutrino
scattering raised in the previous section, correspond to a fractional energy Eµ (0)/Eν of
1 − hyi = 0.6, 0.65, 0.70, 0.75, and 0.8, respectively.

1

For the 30-100 TeV data set, we set

the fractional energy Eµ (0)/Eν to 0.62, for the 100-200 TeV data set, to 0.67, and for the
200 TeV-2 PeV data set, to 0.72.

1 At

and above Eν = a PeV, the fractional energy of the muon Eµ (0) rises slowly as 1 − hyi = 0.75 +
0.01 log(Eν /PeV), but these energies are beyond the concerns of the present work.
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−β

Table 5.2.: For Aeff Φνµ ∝ Eν , average y, peak values for (Edep /Eν )peak and (Eν /Edep )peak .
The WHM (Γ /Eν ) for fixed Edep is 21/(1+β) − 1, as explained in this section.
(Edep /Eν )peak
0.57
0.51
0.50
0.47
0.46
0.44
0.42

hyi
0.40
0.32
0.30
0.27
0.25
0.22
0.20

Eν
10 TeV
100 TeV
200 TeV
PeV
10 PeV
EeV
ZeV

(Eν /Edep )peak
1.76
1.96
2.02
2.11
2.17
2.28
2.36

5.1.4. Likelihood analysis
Armed with IceCube observations we now perform the analysis to extract neutrino flux
parameters using a maximum likelihood method. For completeness, we first write the
most general form for the likelihood function and then we particularize the study to the
different situations of interest.
Let θ be the set of parameters involved in the data analysis, containing all the relevant
guidelines to vary the incident flux. E.g., the θ may be the normalization and spectral
𝒵

index of the power-law fit. Let Nx,k be the measured number of events with topology
𝒵 ∈ {𝒮, 𝒯 } and hemispherical direction x ∈ {u, d} in the energy bin k. The probability
𝒵

that the bin k contains Nx,k events of type (x, 𝒵) while expecting N𝒵
(θ) is given by a
x,k
Poisson distribution

𝒫

h

𝒵
Nx,k

N𝒵
(θ)
x,k

i

e
=

−N𝒵
x,k



N𝒵
x,k

𝒵
Nx,k !

 N𝒵x,k
,

(5.19)

𝒵

while the probability that the bin k contains Nx,k events of type (x, 𝒵) for all the types is

𝒫k (θ) ≡

Ö

𝒫

h

N̄𝒵
x,k

N𝒵
(θ)
x,k

i

.

(5.20)

x,𝒵
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The likelihood of having a given a set of parameters θ observing the actual event distribution
is

Ö

ℒ(θ) =

𝒫k (θ).

(5.21)

k

By the maximization of ℒ in terms of the parameters θ we will estimate the most likely
values for those parameters. The logarithm of the likelihood is often taken to ensure
that we work with sums instead of with products. Thus, as an alternative formulation,
maximization of ℒ becomes minimization of − ln ℒ(θ). We have

Õh

ln 𝒫k =

N𝒵
x,k

+

𝒵
Nx,k ln



N𝒵
x,k



− ln



𝒵
Nx,k !

i

.

(5.22)

x,𝒵



𝒵





𝒵



The latter term, − ln Nx,k ! , may be continued as a Gamma function: − ln Γ Nx,k + 1 .
Notice that in bins where there are zero events, the log-likelihood still receives a nonzero
contribution

Í

−
𝒵
x,𝒵 Nx,k (The Poisson likelihood for an empty bin is e

Í

x,𝒵

N𝒵
x,k

).

The expected number of events per bin is given by
N𝒵
(θ)
x,k

∫
= 2πT

Φj (Eν , θ) A𝒵
x (Eν , θ) dEν ,

(5.23)

k

where, Φj is the diffuse neutrino flux per flavor and per particle/antiparticle, with j taking
values in {νe , ν̄e , νµ , ν̄µ , ντ , ν̄τ }, and A𝒵
x is the effective area in the k-th energy bin, and
where

∫
k

represents the integration along that bin. For sufficiently narrow bins in ln Eν , it

can easily be shown that the integral is well approximated by
N𝒵
(θ)
x,k

D

where A𝒵
x

E
k

= 2πT

D

A𝒵
x

E ∫
k

Φj (Eν , θ) dEν

(5.24)

k

is the averaged effective area for (x, 𝒵). For local power-law descriptions of

the effective area and the flux, the corrections are of order ∆2k , where ∆k is the width of bin
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k. These corrections are negligible for the IceCube bins. The non averaged effective areas
for (x, 𝒵) events are obtained as
A𝒵
x =

Õ

Ai,`
x .

(5.25)

(i,`)∈𝒵

Here i labels the interaction type (charged or neutral current) and ` labels the neutrino
flavor, and sums are extended to the values allowed by Table 5.1 for each topology. Finally,
i,` `
`
i,` can be
Ai,`
x = ω Ax , being Ax the effective areas accompanying [360]. The weights ω

calculated from the target-mass data (also in [360]) as
ωi,` = Í

ηi M`i
`
k ηk Mk

,

(5.26)

with ηi ≡ σi /σT OT as given in Fig. 5.1.
First we perform an approach which finesses the inevitable statistical uncertainty in
dep

Eµ /Eνµ , by simply omitting the track events from the data sample. Assuming equal
representations of the three neutrino flavors in the incident neutrino flux, Monte Carlo
dep

simulations reveal the ratio of (up-going) track events at fixed Eµ to be of order 1/6 in
IceCube [388].2 Thus, the loss of event statistics due to omission of track events is small, of
order 17%.

5.1.4.1. Unbroken power law
We first hypothesize that the cosmic neutrino flux per flavor and per particle/antiparticle,
averaged over all three flavors, follows an unbroken power law of the form

Φj (Eν ) ≡

dFj
= Φ0 (Eν /E0 )−γ = Φ0 exp [−γ ln(Eν /E0 )] ,
dEν dAdΩdt

2A

(5.27)

priori one would expect the rate to reflect the equal flavor ratios, ∼ 1/3, but systematic differences in
dep
Eµ from track and shower produce another suppression factor of ∼ 1/2.
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where the normalization energy scale, E0 ' 33.11 TeV, is fixed by the low energy bound of
the first used energy bin above 30 TeV.
The single power flux (5.27) can be integrated to obtain



∫

2Φ0 E0 hEi k
Φi (Eν , θ)dEν =
γ−1
E0
k

 1−γ
sinh

(γ − 1)∆
,
2

(5.28)

where

∆ ≡ ln

Ek
max

!
and

Ek
min

hEik ≡

q

Ek
Ek .
min max

(5.29)

Note that for the logarithmically spaced bins, ∆ is a constant. For our bin choice,
∆ = 0.08 ln(10) ≈ 0.18.
At this stage it is worthwhile to point out that for energies above about 2 PeV the spectral
index γ must be steeper than 2.4 for 1σ consistency with the non-observation of Glashow
ν̄e + e− → W − events at 6.3 PeV [389].
For an unbroken power law, the parameters are θ = {Φ0 , γ}, for a given reference energy
E0 . ℒ(Φ0 , γ) can be maximized, using north and south hemisphere shower data. The 1,
3, and 5σ confidence contours are displayed in Fig. 5.4. After marginalizing the relevant
parameters our results can be summarized as follows:

Φ0 =



0.91+0.33
−0.25



× 10−9 TeV−1 m−2 sr−1 s−1

(5.30)

and
γ = 3.10+0.22
−0.20 .

(5.31)

In Figs. 5.5a and 5.5b we show the local and cumulative number distributions compared to
the data. We note that displaying the fit results in this form have some advantages over
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the usual log plots of E2ν Φj (Eν ) with points and error bars. This is because the number
distribution is what is actually measured, and the bins with zero numbers cannot be
displayed. It is difficult to judge the significance of the results when one’s eyes just follow
the flux curve and the non-zero data points.
On the other hand, we note that plotting of E2ν Φj (Eν ) versus log Eν conserves the area
under a spectrum even after processing the electromagnetic cascade of accompanying γ
rays. Thus, for optically thin Waxman-Bahcall (WB) sources [390], where we expect roughly
equal fluxes of photons and neutrinos, the area of the π0 contribution to the isotropic
diffuse γ-ray spectrum provides an upper bound to the π± origin of the neutrinos.
As shown in Fig. 5.6 there is tension between the preferred soft spectral index (5.31) and the
harder spectrum of the isotropic γ ray emission measured by Fermi-LAT [391]. (The tension
explicitly visible in Fig. 5.6 has also been predicted using numerical simulations [392].)
As of today, this represents the strongest constraint. It actually rules out the unbroken
power law hypothesis on the assumption that IceCube’s neutrinos are produced via pion
decay in optically thin sources. The tension between (5.31) and Fermi-LAT data can be
relaxed if, for example, a significant component of the IceCube flux originates in neutron
β-decay [393]. However, such a possibility is presently strongly disfavored by the observed
neutrino flavor ratios [364]. Alternatively, one can argue that the extragalactic neutrino
sources are hidden, that is, they are opaque to the emission of γ rays and/or cosmic rays
producing the neutrino flux [394]. Therefore, it is interesting to ascertain whether the
HESE data by itself imply a break in the spectrum of astrophysical neutrinos.

5.1.4.2. Fitting the single power law with showers and tracks
To ascertain the impact of νµ CC interactions in our analysis, we redo the single power
law analysis including the track events (without subtracting background from tracks). As
already noted, the deposited energy is not the same as the energy of the parent neutrino.
One approximation is to assign an energy for the parent neutrino of each track event, as
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Figure 5.4.: 1, 3, and 5σ confidence contours for (Φ0 , γ).
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Figure 5.5.: Histogram and cumulative distribution of showers, predicted and measured.
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Figure 5.6.: The open symbols represent the total extragalactic γ-ray background for
different foreground (FG) models as reported by the Fermi Collaboration [391]. For
details on the modeling of the diffuse Galactic foreground emission in the benchmark
FG models A, B and C, see [391]. The cumulative intensity from resolved Fermi LAT
sources at latitudes |b| > 20◦ is indicated by a (grey) band. The best fit to IceCube’s
shower data (left) and its extrapolation down into the TeV-energy range (right) assuming
an unbroken power law, is also shown for comparison.
explained in §5.1.3. Otherwise, we proceed exactly as before. For the single power law
model we obtain for the shower plus track events
Φ0 = (1.1 ± 0.3) × 10−9 TeV−1 m−2 sr−1 s−1

(5.32)

γ = 3.08+0.17
−0.16 .

(5.33)

and

Looking at (5.31) and (5.33), we see that our assumption that misclassification of CC
νµ introduces a negligible effect is justified when considering only shower events. This
concludes the analysis justifying our assumption that misclassification of events does not
induce significant changes in the spectral shape.
It is important to stress that for an unbroken power law, spectral indices . 2.5 are excluded
at 99.7% CL (from both the shower and the shower + track analyses). Note, however, that
the IceCube analysis of the muon neutrino spectrum favors an index somewhat harder:
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γ = 2.13 ± 0.13 [372]. This index is 3σ-incompatible (2.13 + 3 × 0.13 = 2.52) with our single
power law shower and shower + track analyses, thereby providing 3σ evidence for a break
in the spectrum of astrophysical neutrinos.3

5.1.4.3. Two-exponential model
In this section we describe the broken power law of incident neutrino flux by the sum of
two exponentials in log Eν , or equivalently by two powers of Eν ,


Φj (Eν ) ≡ Φ0

Eν
E0

 −γ1



Eν
+σ
E0

 −γ2 

,

(5.34)

with 0 < σ < 1.
We duplicate our analysis using the maximum likelihood method to extract the values
of the parameters that maximize the probability that the observed number distributions
are described by the assumed flux, for up- and down-going shower events. The best values
of the flux parameters are found to be:





+0.6
Φ0 = 1.1−0.7
× 10−9 TeV−1 m−2 sr−1 s−1 ,

(5.35)

+6.83
+7
γ1 = 3.63+4.96
−0.85 , γ2 = 2.43−0.92 , σ = 0.0827−0.0821 .

(5.36)

and

The high upper uncertainties observed in the parameters are due to the flatness of the
likelihood function, which comes from the fact that an increase in one of the parameters
can be compensated by decrease in some of the others to produce an equally likely fit.
For example, a large value of Φ0 can be compensated by a value of σ low enough to keep
the adequate normalization of the γ2 term, and with a very large γ1 , which will make
3 Actually,

the statistical significance resulting from (5.31) is 2.93σ ' 3σ.
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the first term in (5.34) falls rapidly with increasing energy and not contribute at all to the
events over 33 TeV. This basically reduces the fit to a single power-law with exponent γ2
and normalization σ Φ0 . Note that the upper uncertainty of the σ parameter goes into the
unphysical region, σ > 1. In Figs. 5.5a and 5.5b we show the local and cumulative number
distributions for the double exponential model compared to the data.
The significance (∼ 1.1σ) for the existence of a spectral break in HESE data is thus
comparable to the one obtained by the IceCube Collaboration splitting a larger data set into
northern and southern subsamples [369]. It is interesting to note that the expected number
of events above 912 TeV for the double exponential model is 1.84, while 3 are observed. The
Poisson probability for this to happen is 0.165. On the hand, for a single power law form,
the fit predicts that above the same energy 1.013 events are expected, with an associated
Poisson probability of 0.063. All in all, for the most likely parameter values, the double
exponential is roughly more probable by a factor of 0.165/0.063 ≈ 2.6 than the unbroken
power-law.
The break energy is obtained when both flux components are equal. This condition
reads
−1

Ebreak = E0 σ(γ2 −γ1 ) .

(5.37)

As a practical matter, given the current limited statistics, we determine the break energy
using the most probable parameter values, yielding Ebreak ≈ 263 TeV. This break energy is
consistent with the results of [377].
The double exponential model favors the following parameter values

Φ0 =



+0.6
1.1−0.7



× 10−9 TeV−1 m−2 sr−1 s−1
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Figure 5.7.: Histogram and cumulative distribution of events, predicted and measured.
and
γ1 = 3.47+2.97
−0.70 ,

γ2 = 2.62 ,

σ = 0.17 .

(5.39)

The results of the likelihood fits can be observed in the histograms and cumulative
histograms shown in Figs. 5.7a and 5.7b. The break energy is Ebreak ≈ 266 TeV. It is
noteworthy that the confidence intervals of γ2 and σ do not close at 68% C.L. and therefore
the result is consistent with an unbroken power law at the 1σ level.

5.1.4.4. Impact of the prompt neutrino flux
A source of events that could bias our analysis is the neutrino flux originated by the prompt
decay of charmed particles in the atmosphere. At present, there is a large systematic
uncertainty in the determination of the prompt neutrino flux. For the lower limit of the
allowed prompt neutrino intensity, one would expect no modification to our previous
study. In order to analyze how a large flux of prompt neutrino might alter our results, we
repeat the analysis of previous sections assuming the other extreme, i.e. throughout this
section we adopt a prompt flux that saturates the upper limit for forward charm production
[367, 368].
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(b) Showers and tracks, single-exponential.
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(d) Showers and tracks, double-exponential.

Figure 5.8.: Prompt, astrophysical and prompt + astrophysical total fluxes for the singleand double-exponential models.
The fits are done following the same procedure but with slight modifications in (5.24):
(i) now, the total flux is the sum of an astrophysical flux component and a parameterindependent prompt flux (i.e. , it contains no dependence on the fit parameters), and (ii)
the flux produced by the charmed particles is flavor dependent [367, 368]. The prompt
component has to be corrected to account for the IceCube self-veto applied to the effective
areas as defined in (5.25); this point is further detailed in §5.1.4.5. After taking care of these
details, we obtain the results for the fluxes shown in Figs. 5.8a-5.8d. A comparison with
the results from previous sections (blue lines) is also shown in these figures.
The presence of the prompt component clearly decreases the total amount of events due
to the astrophysical flux, as can be seen both in the single and double exponential cases.
Nevertheless, its energy dependence favors the power law break in double exponential
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Table 5.3.: Impact of the prompt flux on power laws.
Fit model
Without prompt
With prompt
Single, 𝒮
3.10
3.18
Single, 𝒮 + 𝒯
3.08
3.19
Double, 𝒮
(3.63, 2.42)
(3.78, 2.28)
Double, 𝒮 + 𝒯
(3.47, 2.62)
(3.60, 2.38)
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Figure 5.9.: Histogram of events, predicted and measured, including prompt events.
models, as can be appreciated in Figs. 5.8c and 5.8d. The changes on the exponents in both
models are show in Table 5.3. The energy break is displaced up to 290 TeV for showers and
390 TeV for showers and tracks, approximately.
It is important to emphasize the agreement of our results with those obtained in [367,
368] in the fact that the prompt flux cannot explain the observed event distribution. In all
the cases the astrophysical flux tends to dominate the spectrum at the highest energies,
and only in the case of single exponential without tracks the prompt flux dominates the
spectrum along some energy range.
Finally, in Figs. 5.9a and 5.9b we show the final distribution of events. As one can see
in Table 5.3, for a single exponential, the effect of the prompt neutrino flux is to make
the astrophysical neutrino spectrum steeper, and therefore our main conclusion from
Sec. 5.1.4.2 (there is a 3σ evidence for a break in the spectrum) remains unaltered.
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5.1.4.5. Muon self-veto
The upper limit of the prompt flux cannot be directly used to predict the number of
events as in (5.24). The veto analysis technique implemented to avoid contamination of the
sample by atmospheric neutrinos significantly reduces the effective flux that will produce
prompt related events at IceCube. The prompt flux [395] has to be properly reduced, as
described in [367, 368], in order to use it with the usual effective areas. Although the north
hemisphere flux remains unaltered by the veto, the southern flux is notably reduced, as
can be seen in Fig. 8 of [367]. In this section we stress the relevance of taking into account
the veto technique.
In Figs. 5.10a-5.10d we show the results of fitting the astrophysical flux with the total
contribution of the prompt flux in the southern hemisphere, instead of the veto reduced
one. There is not room to accommodate, in any case, an astrophysical flux through all
the energy spectrum. The prompt flux reduction at low energies, where the statistics are
higher, imposes that the astrophysical flux has to account for all the events in that zone. But
the increase of the prompt flux at higher energies makes it impossible for the astrophysical
flux to have soft exponents. Only in Fig. 5.10d does the astrophysical flux dominates again
at the highest energies. But it is also unlikely that the prompt flux could account for the
highest energy events, according to its small value.

5.1.4.6. Glashow resonometer
The rate of interaction of νe , νµ , ντ , ν̄µ , ν̄τ with electrons is mostly negligible compared
to interactions with nucleons. However, the case of ν̄e is unique because of resonant
scattering, ν̄e + e+ → W − → anything, at Eν ' 6.3 PeV [378]. As noted elsewhere [396], the
signal for ν̄e at the Glashow resonance, when normalized to the total ν + ν̄ flux, can be used
to possibly differentiate between the two primary candidates (pγ and pp collisions) for
neutrino-producing interactions in optically thin sources of cosmic rays. In pp collisions,
the nearly isotopically neutral mix of pions will create on decay a neutrino population
153

5. cosmic neutrinos and particle physics

Astrophysical (no prompt)

Astrophysical (no prompt)

Astrophysical (prompt)

Astrophysical (prompt)

Prompt

Prompt

Total

Total

(a) Showers, single-exponential.

(b) Showers and tracks, single-exponential.

Astrophysical (no prompt)

Astrophysical (no prompt)

Astrophysical (prompt)

Astrophysical (prompt)

Prompt

Prompt

Total

Total

(c) Showers, double-exponential.

(d) Showers and tracks, double-exponential.

Figure 5.10.: Prompt (no veto), astrophysical and prompt + astrophysical total fluxes for
the single- and double-exponential models.

154

5. cosmic neutrinos and particle physics
with the ratio Nνµ = Nν̄µ = 2Nνe = 2Nν̄e . On the other hand, in photo-pion interactions
the isotopically asymmetric process pγ → ∆+ → π+ n, π+ → µ+ νµ → e+ νe ν̄µ νµ is the
dominant source of neutrinos so that at production, Nνµ = Nν̄µ = Nνe  Nν̄e (assuming
little π− "contamination"). It is therefore of interest to consider situations in which the flux
of neutrinos is equally divided among the three flavors, but with a negligible component
of ν̄e . To account for this possibility we consider an effective area which does not contain
effects from the Glashow resonance. This will allow harder exponents in the high energy
component.
The results of the likelihood fit assuming a single exponential model are





+0.4
Φ0 = 1.2−0.3
× 10−9 TeV−1 m−2 sr−1 s−1

(5.40)

γ = 3.17+0.22
−0.21

(5.41)

and

for shower events, and

Φ0 =



+0.4
1.4−0.3



× 10−9 TeV−1 m−2 sr−1 s−1 ,

(5.42)

with
γ = 3.14+0.18
−0.17 ,

(5.43)

for showers and tracks together.
For the double exponential model, we obtain

Φ0 =



+0.7
1.6−0.7



× 10−9 TeV−1 m−2 sr−1 s−1 ,
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and
+0.86
+2
γ1 = 3.63+0.90
−0.40 , γ2 = 2.03−0.84 , σ = 0.0159−0.0155 ,

(5.45)

for showers, and





−9
Φ0 = 1.7+0.7
TeV−1 m−2 sr−1 s−1 ,
−1.0 × 10

(5.46)

γ1 = 3.5 ,

(5.47)

and
γ2 = 2.3 ,

σ = 0.04 ,

for showers and tracks. Note that for showers, the upper uncertainty of the σ parameter
again goes into the unphysical (σ > 1) region. Moreover, once more when showers and
tracks are considered in the fit, the confidence intervals of γ1 , γ2 , and σ do not close at
68% C.L. and therefore the result is consistent with a single, unbroken power law at the 1σ
level. The energy break is Ebreak ≈ 440 TeV in the fit to shower data and Ebreak ≈ 490 TeV
for showers and tracks. The results form the likelihood fits can be observed in Figs. 5.11a,
5.11b, 5.11c and 5.11d.
It is important to stress that the expected number of events above 912 TeV for the double
exponential model is 2.167, with a Poisson probability of 0.194. For the unbroken power
law assumption, the fit predicts that above the same energy 0.899 events are expected, with
an associated Poisson probability of 0.049. Altogether, the double exponential is about
0.194/0.049 ∼ 4 times more probable than the unbroken power law.

5.1.5. Looking ahead with IceCube-Gen2
In the very near future, two more year’s of IceCube data, 2014 − 2016, are expected to
be unblinded. Looking farther into the future, design studies for the IceCube-Gen2
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Figure 5.11.: Predicted and measured event distributions without Glashow resonance.
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high-energy array are well underway [397]. They will result in an instrumented volume
approaching 10 km3 and will lead to significantly larger neutrino detection rates, across
all neutrino flavor and detection channels.4 A rough estimate indicates about an order of
magnitude increase in exposure per year. The bigger instrumented volume will facilitate
the calorimetric detection of muon tracks, reducing significantly the systematic uncertainty.
The extension will reuse the very reliable design of IceCube’s digital optical modules and
therefore it will surely perform technologically at least at the level of IceCube. A conservative
estimate of the sample size is then attainable by simply scaling the instrumented volume.
In 4 years of observation, IceCube has detected 54 events with incident neutrino energy
above above 25 TeV. Of these, about 20 events have energies in the range 100 TeV < Eν <2 PeV.
This detection rate implies that in 10 years of data taken by the IceCube facility will collect
on the order of 50 neutrino events within this (roughly) decade of energy. The next
generation of neutrino telescope in the South pole, IceCube-Gen2, will increase the per
year exposure by about an order of magnitude, and therefore in 10 year’s of observation
will collect roughly 500 neutrinos with 100 TeV < Eν <2 PeV.
We have noted that double bang and Glashow events could play a key role in constraining
processes of neutrino production. It seems then reasonable to extrapolate the fluxes derived
in the previous section to estimate the event rate at IceCube-Gen2. The search for double
bang events is possible above 3 PeV. Therefore, we fix the search bins by 2.8 < Eν /PeV < 10
and determine the yearly event rate assuming the favored parameters for the double
exponential model. If the neutrino flux is democratically distributed among flavors and
particle-antiparticle, we expect 0.3 double bang events per year at IceCube-Gen2, whereas if
the ν̄e component is suppressed, we expect 0.7 double bang events per year. On the other
hand, for Glashow events, we search in the resonance bins 4 < Eν /PeV < 10 shown in
Fig. 5.2. As we can see, the numbers of ντ , ν̄τ , and ν̄e events are correlated. Therefore, by
comparing the rates of Glashow events and double bang events, one will be able to study
4 This

may be complemented by atmospheric neutrino telescopes [340].
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flavor as well as particle-antiparticle ratios.

5.1.6. Conclusions
The most pressing consequence of IceCube’s discovery of astrophysical neutrinos is that
the flux level observed is exceptionally high by astronomical standards. The magnitude of
the observed flux is at a level of the WB bound [390] which applies to neutrino production
in optically thin sources that are responsible for emission of ultrahigh energy cosmic rays.
In this paper we have performed a study to constrain the spectral shape of the diffuse
neutrino flux and obtain information on possible source environments. Our results are
encapsulated in Figs. 5.4 to 5.11d, and are summarized in these concluding remarks:
• We have conducted our study using data from events produced by CC interactions of
tau and electron neutrino flavors as well as NC interactions of all neutrino flavors,
but avoiding the background-laden νµ CC track events. The “shower” data have
essentially no atmospheric background, and and at the same time allows a precise
determination of the relation between the energy deposited in the detector and the
original neutrino energy. The total atmospheric muon background in four years of
data is found to be 12.6 ± 5.1 [363], while the background from atmospheric neutrinos
reported by the IceCube Collaboration, presumed to be overwhelmingly νµ ’s, which
through their CC produce track topologies [383], is 9.0+8.0
[363].
−2.2
• If astrophysical neutrinos originate in WB sources, the tension between IceCube
and Fermi-LAT data stands as a strong constraint for the hypothesis of an unbroken
power law describing the spectrum in the energy range 10 TeV . Eν . 10 PeV.
By analyzing IceCube’s HESE data sample we have found clues for a break in
the spectrum at 200 . Ebreak /TeV . 500, independently of the neutrino origin(s).
Using Poisson statistics we have shown that if the flux of neutrinos at Earth is
democratically distributed among both flavors and particle-antiparticle, then the
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description of the spectrum with an apparent break is roughly 2.6 times more
probable than the unbroken power law. We have also shown that if the flux of ν̄e
is significantly suppressed with respect to other neutrino species, so as to suppress
resonant production of Glashow events 6.3 PeV, then the description of the spectrum
with the apparent break is about 4 times more probable than the unbroken power
law.
• The IceCube Collaboration has recently released a study using CC muon neutrino
events, with interaction vertex outside the detector volume [372]. Because of the
large muon range the effective area for track topologies is significantly larger than
in the HESE sample. The price paid is that Edep is only statistically related to a
range of incident neutrino energies. The data collected from 2009 through 2015
is well described by a Monte-Carlo generated isotropic, unbroken power law flux
with a normalization at 100 TeV neutrino energy of (0.90+0.30
× 10−18 GeV cm2 s sr)−1
−0.27
and a spectral index of γ = 2.13 ± 0.13. This hard spectrum is consistent with that
expected in Fermi engines [398]. Our likelihood fit for a neutrino flux democratically
distributed among flavors and particle-antiparticle, yields γ2 ≈ 2.43; the result of
the IceCube Collaboration is not inconsistent with our findings. This is because
the likelihood function for γ2 is rather flat due to limited statistics; for all the cases
analyzed in this paper, the fitted γ2 is consistent with a Fermi engine at the 68% CL.
On the other hand, we have shown that for an unbroken power law, spectral indices

. 2.5 are excluded at 99.7% CL. Requiring the IceCube analysis of the νµ spectral
index to be compatible with the shower analysis presented here provides additional
evidence (3σ effect) for a break in the spectrum of astrophysical neutrinos.
• A similar study to determine the spectral shape has been presented in [377]. However,
unlike the study of [377], our statistical analysis becomes background free by using
only shower events. In such a background free analysis, the slope of the spectrum
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for the unbroken power-law hypothesis, γ = 3.10+0.22
, is somewhat steeper than the
−0.20
result obtained in [377], which is γ = 2.84+0.25
. Our analysis differs from [377] in that
−0.27
we obtain smaller errors on the neutrino spectral index by sacrificing some data in
favor of background-free HESE data. Though the results are compatible at the 1σ
level, by direct comparison with the νµ IceCube spectrum (γ = 2.13 ± 0.13), we see
that only the resulting softer shower spectrum and smaller errors resulting from our
analysis allows to extract (3σ) evidence for a break in the cosmic neutrino spectrum.
For the two-exponential model, the results of the two studies are also compatible
within errors.
• IceCube has proposed a larger next-generation detector [397]. IceCube-Gen2 will
surely have a technology at least as sophisticated as the first generation IceCube,
so a conservative estimate of the future sample size is attainable by simply scaling
apertures. IceCube-Gen2 will have an order of magnitude larger aperture than
IceCube, so one can expect the clarity that comes with at least an order of magnitude
more astrophysical neutrino data. By extrapolating the flux for a double exponential
model we have shown that if the neutrino flux is democratically distributed among
flavors and particle-antiparticle, then the new South pole facility will observe about 1
Glashow event per year and about 0.1 double bangs per year. If on the other hand the
flux of ν̄e is significantly suppressed with respect to the other neutrino species, then
the rate of double bangs becomes about 0.7 events per year. Thus by comparing the
rates of Glashow and double bang events one can study not only flavor ratios, but also
particle-antiparticle ratios. Such analyses are key to understanding source properties.
In summary, by confronting the favored parameters of our likelihood fit to shower
events assuming an unbroken power law with the hard νµ spectrum recently announced
by the IceCube Collaboration, we have shown that there is evidence for a break in the
spectrum of astrophysical neutrinos, sustained by a 3σ discrepancy among the predicted
spectral indices by these two analyses. This is our main conclusion. The localization of the
161

5. cosmic neutrinos and particle physics
break-energy is at present hampered by the limited available statistics. However, we have
shown that the favored parameters of our likelihood fit assuming a double exponential
model provide a favored break in the 200 . Ebreak /TeV . 500 range.

5.2. Probing strong dynamics with cosmic neutrinos
IceCube has observed 80 astrophysical neutrino candidates in the energy range 0.02 .
Eν /PeV . 2. Deep inelastic scattering of these neutrinos with nucleons on Antarctic
√
ice sheet probe center-of-mass energies s ∼ 1 TeV. By comparing the rates for two
classes of observable events, any departure from the benchmark (perturbative QCD)
neutrino-nucleon cross section can be constrained. Using the projected sensitivity of South
Pole next-generation neutrino telescope we show that this facility will provide a unique
probe of strong interaction dynamics. In particular, we demonstrate that the high-energy
high-statistics data sample to be recorded by IceCube-Gen2 in the very near future will
√
deliver a direct measurement of the neutrino-nucleon cross section at s ∼ 1 TeV, with a
precision comparable to perturbative QCD informed by HERA data. We also use IceCube
√
data to extract the neutrino-nucleon cross section at s ∼ 1 TeV through a likelihood
analysis, considering (for the first time) both the charged-current and neutral-current
contributions as free parameters of the likelihood function.

5.2.1. Introduction
High-energy neutrinos are unique messengers of far-away phenomena and can serve as
a probe of new physics at sub-fermi distances. Per contra the promise of high energy
neutrinos might appear to be severely limited by astrophysical uncertainties. Event rates
constrain only a combination of fluxes and cross sections, and so astrophysical uncertainties
cloud particle physics implications and vice versa. However, the event rates for upand down-going neutrinos depend differently on neutrino cross sections [399, 400]. By
combining both up- and down-going data one may therefore disentangle particle physics
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from astrophysics and constrain both the properties of astrophysical sources and neutrino
interactions. This technique is entirely agnostic to any physics process which may modify
the neutrino-nucleon cross section. Essentially this approach constitutes a straightforward
counting experiment.
In this paper we adopt this technique to investigate the sensitivity of future South Pole
neutrino-detection-experiments to the neutrino-nucleon cross section. Earlier work in this
area has generally assumed a plausible neutrino luminosity [26, 399–404]. Now, however,
IceCube measurements yield a non-zero neutrino event rate at PeV energies [358, 360, 362,
363, 405, 406], allowing for a more reliable calculation. Indeed, the IceCube Collaboration
recently reported a measurement of the neutrino-nucleon cross section [407]. For neutrinos
in the energy bin 6.3 < Eν /TeV < 980, the measured cross section is

h

i

+0.39
σνN = σSM × 1.30+0.21
−0.19 (stat.)−0.43 (syst.) ,

(5.48)

where σSM is the Standard Model (SM) prediction [381, 408]. Further analysis of the IceCube
data-sample allowed determination of the energy dependence of the cross section [409].
The proposed IceCube-Gen2 [397] will surely perform technologically at least at the
level of IceCube, so a conservative estimate of the sample size is attainable by simply
scaling the aperture. IceCube-Gen2 will have an order of magnitude larger aperture than
IceCube, which should provide a sample large enough for a precision measurement of the
neutron-nucleon cross section. Indeed as we show herein IceCube-Gen2 will be able to
determine the neutrino-nucleon cross section with a precision comparable to perturbative
QCD informed by collider data.
The layout of the paper is as follows. In Sec. 5.2.2 we provide an overview of neutrino
detection at IceCube and describe the different event topologies. After that we infer the
sensitivity of IceCube to the neutrino-nucleon interaction cross section by combining
upward- and downward-going event rates. In Sec. 5.2.4 we describe the particulars of our
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likelihood approach and present the results from data analysis. We begin by making use
of the high-energy reach of IceCube data to extract the neutrino-nucleon cross section at
energies beyond those available in man-made neutrino beams. As in previous studies [407,
409], we test strong dynamics by fixing the ratio of charged to neutral current processes
to that of the perturbative SM. To test non-perturbative SM phenomena, herein we also
consider the ratio of charged to neutral current processes to be a free parameter of the
likelihood function. Then, armed with our findings, we investigate the sensitivity of future
South Pole neutrino-detection-experiments to the neutrino-nucleon cross section. Our
conclusions are collected in Sec. 5.2.5.
Before proceeding, it is important to stress that for neutrino energies . 10 PeV, perturbative QCD provides a robust framework to calculate the neutrino-nucleon cross section [382,
410–414]. It is only when the fractional momenta x carried by the constituents become
vanishingly small that the structure functions develop a ln(1/x) divergent behavior, which
in turn results in a violation of unitarity bounds. Consequently, perturbative QCD predictions are expected to break down solely when the nucleon has an increasing number of
partons with small x. For the center of mass energies relevant to our study, however, the
neutrino-nucleon cross section can be calculated perturbatively with an accuracy of better
than 5% when constrained by measured HERA structure functions [381, 408]. Though
HERA measurements have significantly bounded the behavior of neutrino scattering for
Eν . 10 PeV, we note that the analysis discussed herein provides an independent direct
measurement of the neutrino-nucleon cross section in this energy range, and hence is
complementary to the laboratory results.

5.2.2. Neutrino interactions at IceCube
Neutrino (antineutrino) interactions in the Antarctic ice sheet can be reduced to two
categories: (i) in charged current (CC) interactions the neutrino becomes a charged lepton
through the exchange of a W ± with some nucleon N, να (ν̄α ) + N → `±α + anything; (ii) in
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Figure 5.12.: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and
NC scattering according to HERAPDF1.5; σCC,0 and σNC,0 , respectively. Taken from
Ref. [381].
neutral current (NC) interactions the neutrino interacts via a Z transferring momentum to
jets of hadrons, but producing a neutrino rather than a `± in the final state: να (ν̄α ) + N →
να (ν̄α ) + anything. Lepton flavor is labeled as α ∈ {e, µ, τ} from here on.
The three neutrino species engender distinctive signal morphologies when they interact
in ice producing the Cherenkov light detected by the IceCube digital optical modules
(DOM), each with a ten-inch photomultiplier tube (PMT) and associated electronics. The
CC interaction of νe triggers an electromagnetic cascade (or shower) which ranges out
quickly. Such a cascade produces a rather spherically symmetric signal, and therefore
exhibits a low angular resolution of about 15◦ − 20◦ [360]. However, a fully or mostly
contained shower event provides a relatively precise measurement of the νe energy, with
a resolution of ∆(log10 Eν ) ≈ 0.26 [384]. The situation is reversed for CC interaction νµ
induced events. In this case, the secondary muon travels relatively unscathed through the
ice leaving behind a track. Muon tracks point nearly in the direction of the original νµ ,
allowing one to infer the arrival direction with high angular resolution (say ∼ 0.7◦ ), while
the electromagnetic equivalent energy deposited Edep represents only a lower bound of the
genuine νµ energy. For muon tracks, we adopt estimates derived elsewhere [415] and set
dep

the fractional energy Eµ /Eν to 0.57, 0.51, 0.50, and 0.47 for the IceCube data set in the
interval 10 − 100 TeV, 100 − 200 TeV, 200 TeV − 1 PeV, and 1 − 10 PeV; respectively. A point
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Table 5.4.: Event topology for each neutrino flavor.
Interaction type
e
µ
τ
CC
𝒮
𝒯
𝒮
NC
𝒮
𝒮
𝒮
worth noting at this juncture is that the probability distributions for the parent neutrino
dep

energy of a muon track event which deposits an energy Eµ shown in Fig. 1 of Ref. [387] are
dep

in good agreement with the estimates of Eµ /Eν adopted herein. Lastly, ντ CC interactions
may, depending on the neutrino energy, produce double bang events [379], with one shower
produced by the initial ντ collision in the ice, and the second shower resulting from most
subsequent τ decays. Separation of the two bangs is only feasible for Eν > 3 PeV, whereas
at lower energies the showers tend to overlap one another. NC interactions of all ν flavors
also produce showers, but with a smaller rate than CC interactions. For the energy range
of interest, there are two different topologies for the events registered at IceCube, namely
tracks (𝒯 ) and showers (𝒮).5 Each of them is produced by different neutrino flavors and
interactions, as summarized in Table 5.4.
The classification of observed events in different topologies is not always straightforward. While almost all NC νµ events are generally correctly classified as showers, a non
negligible number of CC νµ events, of both atmospheric and astrophysical origin, could be
misclassified as showers if the muon has too little energy or is produced near the edge of
the detector, escaping in both cases without enough energy deposited to be detected [362,
364]. The effects of these misclassifications have been studied in great detail in Ref. [365,
377, 417]. While accounting for misclassifications increases the fraction of µ-neutrinos and
may have influence on the flavor ratios, with present statistics it does not influence neither
the shape of the spectrum for a shower plus track analysis [365] nor cross section studies.
In light of this, we assume here the event topologies of IceCube high-energy starting events
5 We

note in passing that the flavor of a CC ντ interaction of 𝒮 topology (i.e. in which the two bangs cannot
be separately reconstructed) can be identified by searching for double pulse waveforms that are consistent
with ντ CC interaction signatures in IceCube, while rejecting waveforms with features that are consistent
with late scattered photons from single cascade events from NC and νe CC interactions [416].
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(HESE) at face value as given in [360, 405, 406].

5.2.3. Event rates
The rates at IceCube for down- and up-going events have been found [418] to scale
respectively as Γdown ∝ φ σi and Γup ∝ φ σi /σa , where φ is the neutrino flux, σi is the
cross section for the interaction that produces the event (i ∈ {CC, NC}), and σa is the
attenuation cross section, which includes all the effects decreasing the luminosity due to
the fact that neutrinos have to traverse the Earth. While the case of down-going events is
straightforward, that of up-going events requires more attention.
The probability for a neutrino with incident angle ϑ measured from the horizon and
azimuth angle ϕ to survive for a distance x along a chord through the Earth is given by
Psurvival (x) = e−x/λa ,

(5.49)

where λa = (σa ρ⊕ NA )−1 is the neutrino attenuation length, with NA = 6.022 × 1023 g−1 and
ρ⊕ the Earth’s density, and where σa =

Í

i σi yi

is the attenuation cross section, defined

as the total cross section weighted by the inelasticity yi , with i ∈ {CC, NC} [419]. The
probability for neutrino interaction producing an observable signal (either via a CC or a
NC process) in the interval (x, x + dx) is

Psignal (x) =

dx
,
λi

(5.50)

where λi = (σi ρ⊕ NA )−1 is the neutrino interaction length. The neutrino traverses a chord
length l = 2R⊕ sin ϑ, with R⊕ the Earth’s radius. Note that λa limits the maximum chord
length, and therefore the solid angle over which neutrinos can be observed scales as
Ω = 2π sin ϑ = πλa /R⊕ [403]. For a given neutrino flux φ, the rate of up-going events at
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IceCube is then estimated to be

Γup

dϕ
= φ Aν
dΩ

∫ 2R⊕
`

dl
2π
2R⊕

∫l

e−x/λa

l−`

dx
,
λi

(5.51)

which on integration yields

Γup = φ πAν



dϕ λ2a 
1 − e−`/λa 1 − e−(2R⊕ −`)/λa ,
dΩ R⊕ λi

(5.52)

where Aν is the area of the detector projected against the neutrino direction and ` is the
portion of the neutrino path to which the detector is sensitive [399]. Note that the effective
volume over which an interaction may be detected is Veff = Aν `, where ` depends on:
(i) the lepton stopping (dE/dx) or decay, (ii) the chord length to the surface, and (iii) the
detector size. For 2R⊕  λa  `, (5.52) simplifies to

Γup ' φ πAν

σi
dϕ ` λa
∝φ
.
dΩ R⊕ λi
σa

(5.53)

For completeness, we note that to calculate the event rate for a surface detector (e.g. the
Pierre Auger Observatory), we must include an additional factor of sin ϑ = l/(2R⊕ ) in the
dl integral to project out the normal component of the lepton flux emerging from the Earth,
and so the rate of Earth-skimming neutrinos scales as φ σi /σ2a , as shown in [400].
For a given bin of energy, we can constrain neutrino interactions without assuming
particular neutrino fluxes or cross sections. It will be convenient, however, to present results
relative to standard reference values. IceCube data are consistent with isotropic arrival
directions [420] and with expectations for equal fluxes of all three neutrino flavors [364,
365, 377, 417]. For the reference flux, we adopt the central value of the best-fit power law of
the 4 yr IceCube data [363],

−18

φ0 (Eν ) = 2.2 × 10



Eν
100 TeV

 −2.58

(GeV s sr cm2 )−1 ,
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per flavor να + να . For the reference cross sections, we choose the results from perturbative
QCD calculations constrained by HERAPDF1.5 shown in Fig. 5.12. These cross sections
have been the benchmarks adopted by the IceCube Collaboration [407].
For a given flux φ and cross sections σi and σa , the expected number of up-going events
of a flavor α produced by a charged or neutral current interaction may be expressed as
i,α
Ni,α
u ≡ Ñu

φ σi /σα
a
,
φ0 σi,0 /σα
a,0

(5.55a)

and for down going events,
Ni,α
≡ Ñi,α
d
d

φ σi
,
φ0 σi,0

(5.55b)

with i ∈ {CC, NC} and where the Ñ-constants are obtained assuming that the flux and
cross sections are equal to the reference values, σi,0 and σa,0 .
At this stage it is worthwhile to point out that we have 12N quantities (2 directions ×
2 interactions × 3 flavors), but only 4 of them will be considered in the data analysis
(2 topologies × 2 directions). To gather the events adequately we define the four quantities
N𝒵
x ≡

Õ

Ni,α
x ,

(5.56)

(i,α)∈𝒵

with x ∈ {u, d} referring to up- or down-going events, and 𝒵 ∈ {𝒯 , 𝒮} referring to the
event topology (track or shower, respectively). The sum is extended to the pairs (i, α)
contributing to a topology 𝒵, according to Table 5.4.
We define φ ≡ F φ0 , σtot ≡ S σtot,0 and the partial cross sections σi,0 ≡ αi,0 σtot,0
and σi ≡ αi σtot . The flavor dependent attenuation cross sections are expressed as
σα
≡ aα,0 σtot,0 and σα
a ≡ aα σtot . The a constants may be expressed in terms of the
a,0
interaction inelasticities and the α parameters as aα,0 =

Í

α
i yi,0 αi,0

and aα =

Í

α
i yi αi ,

where i refers to CC or NC, and yα
are the inelasticity parameters for each interaction [382].
i
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We can now rewrite (5.56) as

Õ

N𝒵
= FS
d

(i,α)∈𝒵

αi
Ñi,α ,
αi,0 d

Õ aα,0 αi

N𝒵
u =F

(i,α)∈𝒵

aα αi,0

(5.57a)

i,α
Ñu
.

(5.57b)

To perform any further analysis we need to calculate the reference number of events
(Ñi,α
x ) obtained for the flux φ0 and cross sections σi,0 and σa,0 for each of the 12 quantities
involved in (5.57). This can be done by means of the expression
Ñi,α
x

∫ Emax
≡ 2π T

φ0 (Eν ) Axi,α (Eν ) dEν ,

(5.58)

Emin

where T is the running time of the experiment for this sample and Ai,α
x is the effective area
averaged for up-(northern) or down-(southern) going (hemisphere) neutrinos per the flavor
α producing an event after a i-type interaction. From the IceCube effective area reported
in [360], we obtain the quantity ACC,α
+ ANC,α
. To isolate the interaction dependence we
x
x
introduce the weights
wi,α ≡ Í

σi Mα
i
α
k σk Mk

=Í

αi Mα
i

α,
k αk Mk

(5.59)

where Mα
is the IceCube target mass for flavor α and interaction type i, given also in [360].
i
It follows that
i,α α
Ñi,α
Ñx ,
x =w

(5.60)
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and so
Ñα
x

∫ Emax
≡ 2π T

φ0 (Eν ) Aα
x (Eν ) dEν .

(5.61)

Emin

The events are distributed in the same energy bins used in [360, 405, 406]. For the k-th
bin, containing events in the energy range [Ek
, Ek
max ), we use in (5.61) the bin averaged
min
effective area hAα
x i k from [360], and the flux per flavor given in (5.54). This gives us the
reference values in each bin as
Ñα
x,k

≡ 2π T

hAα
x ik

∫ Ekmax

φ(Eν ) dEν .

(5.62)

Ek
min

The values of the expected number of events are shown in Fig. 5.13.
In 6 years of observation IceCube has detected above about 30 neutrino events with
energies in the range 0.1 < Eν /PeV < 2. This implies that in 10 years of data taken this
facility will collect on the order of 50 neutrino events within this decade of energy. The
next-generation of neutrino telescope in the South pole, IceCube-Gen2, will increase the
per year exposure by about an order of magnitude, and therefore in 10 yr of observation
will collect roughly 500 neutrinos with 0.1 < Eν /PeV < 2.
In the next section we generalize the full-likelihood approach introduced in [415] to
disentangle cross section parameters in (5.61) from flux uncertainties in the IceCube data
sample.

5.2.4. Likelihood analysis
Armed with IceCube observations and expected event rates for fiducial flux and cross
sections we now perform the analysis to extract cross section parameters using a maximum
likelihood method. Let θ be the set of parameters involved in the data analysis, containing
F and all the relevant guidelines to vary the σCC,0 and σNC,0 cross sections. Let N̄𝒵
be
x,k
the measured number of events with topology 𝒵 ∈ {𝒮, 𝒯 } and direction x ∈ {u, d} in
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Figure 5.13.: Reference number of events from (5.62).
the energy bin k. The probability that the bin k contains N̄𝒵
events of type (x, 𝒵) while
x,k
expecting N𝒵
(θ) is given by a Poisson distribution
x,k
𝒵

h

i

f N̄𝒵
N𝒵
(θ) =
x,k
x,k



e−Nx,k N𝒵
x,k
N̄𝒵
!
x,k

 N̄𝒵x,k
,

(5.63)

while the probability that the bin k contains N̄𝒵
events of type (x, 𝒵) for all the types is
x,k
ℱk (θ) ≡

Ö h

i

f N̄𝒵
N𝒵
(θ) .
x,k
x,k

(5.64)

x,𝒵

The likelihood of having a given a set of parameters θ observing the actual event distribution
is

ℒ(θ) =

Ö

ℱk (θ).

(5.65)

k

By the maximization of ℒ in terms of the parameters θ we will estimate the most likely
values for those parameters.
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Table 5.5.: Observed/expected number of events in each category.
Event direction
Shower
Track
Down-going
18/19.8
6/4.2
Up-going
5/11.5
7/2.5
We will study several effects that could modify the reference cross sections. We
parametrize these effects in terms of modifications of the CC and NC cross sections and
their respective inelasticities. Each particular case would give an expression for N𝒵
(θ) in
x,k
terms of the reference values (5.62) and the parameters θ. Putting these expressions in
(5.65) will give us the most likely parameters and the confidence contours in the parameter
space. Table 5.5 contains the expected number of events in each one of the four categories
compared to the observed ones.

5.2.4.1. Probing strong dynamics with IceCube data
The kinematics of lepton-nucleon scattering is described in terms of the variables Q2 ,
Bjorken x, and the inelasticity y = Q2 /sx that measures the energy transfer between the
lepton and nucleon systems, with s = 2Eν mN the square of the center-of-mass energy. The
cross-section for CC neutrino (and antineutrino) scattering on isoscalar nucleon targets is
given by [421]

∫1
σCC,0 =

∫ xs
dx

0

0

dQ2

d2 σν(ν̄)N
,
dx dQ2

(5.66)

where
G2F
m2W
d2 σν(ν̄)N
=
2πx Q2 + m2
dx dQ2
W



2 

ν(ν̄)
ν(ν̄)
ν(ν)
Y+ F2 (x, Q2 ) − y FL (x, Q2 ) + Y− xF3 (x, Q2 )

ν(ν̄)

is the differential cross-section given in terms of the structure functions F2
ν(ν̄)

xF3


(5.67)

ν(ν̄)

, FL

and

, and Y+ = 1 + (1 − y)2 , Y− = 1 − (1 − y)2 . Here, GF is the Fermi constant and mW is

the W-boson mass. At leading order (LO) in perturbative QCD, the structure functions
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Figure 5.14.: 1, 3, and 5σ confidence contours for (F, S) for scaled total cross section σtot
and flux φ with respect to their reference values σtot,0 , φ0 .
ν(ν̄)

are given in terms of parton distributions as F2
ν(ν̄)

xF3

= x[

Í

i βi qi (x, Q

2) + Í

j βj q̄j (x, Q

Í

= x[

2 )] and Fν(ν̄)
L

i αi qi (x, Q

2)

+

Í

j αj q̄j (x, Q

2 )],

= 0 [421]. For neutrinos, i = u, d, s, b

and j = u, d, c, with αi = αj = βi = 1 for u, d; αi = αj = βi = 2 for s, b; βj = −1 for u, d;
βj = −2 for c quarks. For antineutrinos, i = u, d, c and j = u, d, s, b, with αi = αj = βi = 1
for u, d; αi = αj = βi = 2 for c; βj = −1 for u, d; βj = −2 for s, b quarks.
The NC cross sections on isoscalar targets are given by expressions similar to (5.66) and
(5.67), with the W propagator replaced by the Z propagator. For NC interactions the LO
ν(ν̄)

expressions for the structure functions are given by F2

Í

j αj [qj (x, Q

2)

+ q̄j (x, Q2 )] +

Í

k αk [qk (x, Q

2)

= x{

Í

i αi [qi (x, Q
ν(ν̄)

+ q̄k (x, Q2 )]} and xF3

2 ) + q̄

=

Í

i (x, Q

2 )] +

i x(vu au

+

vd ad )[qi (x, Q2 ) − q̄i (x, Q2 )], where i = u, d, j = s, b, k = c, αi = (a2u + v2u + a2d + v2d )/2,
αj = a2d + v2d , and αk = a2u + v2u , with vu , vd , au , ad the NC vector and axial couplings for
u− and d-type quarks [421].
At next-to-leading order (NLO), the F-functional relations involve further calculable
coefficient functions and contributions from FL can no longer be neglected [413]. The
parton distribution functions (PDFs) are determined in fits to deep inelastic scattering
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(DIS) data by the following procedure. The PDFs are parameterized at some initial scale
Q0 ∼ 1 GeV and then evolved, using the NLO DGLAP equations [422–425], to higher values
of Q2 . They are then convoluted with QCD-calculable coefficient functions to give NLO
predictions for the structure functions, which are then fitted to the DIS data, to obtain the
CC and NC neutrino-nucleon cross sections shown in Fig. 5.12 [381].
To probe the PDFs, we assume a simple global scaling of the total reference cross section,
σtot = Sσtot,0 , and thus αi = αi,0 . We further assume the inelasticity of the NC interaction
remains unchanged, and so aα0 = aα . With this in mind, the set of parameters for the
likelihood analysis is θ = {F, S}, and the expressions in (5.57) become

Õ

N𝒵
= FS
d

Ñi,α
,
d

(5.68a)

(i,α)∈𝒵

N𝒵
u =F

Õ

Ñi,α
u ,

(5.68b)

(i,α)∈𝒵

for 𝒵 ∈ {𝒮, 𝒯 }.
The likelihood maximizes for the pair of values



+0.51

 S = 1.16−0.34 (1σ C.L.),


(5.69)



+0.27
 F = 0.86−0.22
(1σ C.L.).

In Fig. 5.14 we show the confidence contours and the associated curves in the F − S plane
for each event type that would produce the observed number of events of each type. In
Fig. 5.15 we show the profile likelihood ratio for S. Note that the cross section is consistent
at the 1σ level with the value obtain from perturbative QCD calculations guided by HERA
data, and IceCube measurement [407, 409]. However, thus far the study is statistics limited,
with about 37% uncertainty. Note that because we have combined various energy bins
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Figure 5.15.: Profile likelihood ratio for S, of the IceCube data analyzed in Fig. 5.14, and
the four simulated samples seen in Figs. 5.17 and 5.21. Since different samples provide
different estimates for S, the horizontal axis is rescaled to show all curves peaking at the
same point, favoring visualization.
there is a dependence of the cross section with the flux normalization, but is an almost
negligible; see §5.2.4.2 for details. Of course, in a more general analysis considering an
anisotropic flux of neutrinos and flavor ratios not equally distributed on Earth, additional
free parameters need to be added to the likelihood analysis to account for the extra degrees
of freedom.
IceCube is also opening other doors to look for heavy new physics. Even if the mean
inelasticity measured by IceCube up to 106 GeV is in agreement with the SM prediction [426],
the energy dependence of the neutrino-nucleon cross section [409] seems to leave some
room for small new physics contributions affecting neutrino interactions both in [427] and
beyond [428–430] the SM. Note that all of these processes would only increase the NC
contribution to the neutrino-nucleon cross section, thus modifying the (perturbative) SM
prediction of the σCC /σNC ratio.
Next, in line with our stated plan, we duplicate our analysis but keeping the ratio
σCC /σNC as a free parameter in the likelihood function. The dichotomy between tracks
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Figure 5.16.: 1, 3, and 5σ confidence contours in the (F, SSN ) plane.
(which are only produced via CC interactions) and showers provides a direct test of
the σCC /σNC ratio. Before proceeding we note that in the analysis carried out by the
IceCube Collaboration [407] only upward going tracks are considered to keep the angular
distribution of events with small uncertainties. Because of this, their analysis sets a limit
on the charged-current neutrino nucleon cross section σCC . In the analysis of [409] only
the shower-HESE data sample is considered, with full scrutiny of the angular distribution
of IceCube events. However, the ratio of the CC and NC contributions is fixed to that
expected in the perturbative SM, i.e. σCC /σNC = 3.
We begin by writing the total neutrino-nucleon cross section as σtot = σCC,0 + σNC .
Instead of considering the full scaling of the cross section S as the parameter of interest, we
set out the analysis to constrain the ratio SNC ≡ σNC /σNC,0 . Following a process similar to
that used to obtain (5.57) from (5.55b), the expected numbers of down-going events are

!
N𝒮
d = F

Õ

CC,α
Ñd
+ SNC

α=e,τ
CC,µ

𝒯
Nd
= F Ñd

Õ

ÑNC,α
,
d

α=e,µ,τ

.

(5.70)
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√
Figure 5.17.: Projected determinations of neutrino fluxes and cross sections at s ∼ 1 TeV
from future IceCube-Gen2 data. The 1, 3, and 5σ confidence contours are based on
simulated data for a 20× (left) and 40× (right) the actual IceCube sample.
Likewise, for up-going events,

!
N𝒮
u = F

Õ

fα (SNC )ÑCC,α
+ SNC
u

α=e,τ

Õ

fα (SNC )ÑNC,α
,
u

α=e,µ,τ
CC,µ

𝒯
Nu
= F fµ (SNC )Ñu

,

(5.71)

where

fα (SNC ) ≡

1 + rα
,
YNC SNC + rα

(5.72)

yα
CC,0 σCC,0
rα ≡ α
,
yNC,0 σNC,0

(5.73)

α
and YNC
≡ yα
/yα
, and where we have assumed that the average inelasticities for CC
NC
NC,0

interactions remain unchanged from those of the SM. For the SM values, and assuming
flavour independent inelasticities, we can approximate rα ≈ 8 ≡ r. In such case, the
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up-going expected event numbers are simplified to
N𝒮
u

1+r
= F
YNC SNC + r

𝒯
Nu
= F

!
Õ

ÑCC,α
+ SNC
u

α=e,τ

Õ

ÑNC,α
,
u

α=e,µ,τ

1+r
CC,µ
.
Ñd
YNC SNC + r

(5.74)

Data from the Large Hadron Collider (LHC) put severe constraints on stringy and
gravity contributions to the neutrino-nucleon scattering cross section [431–435]. However,
non-perturbative SM processes, such as sphaleron transitions, remain almost unconstrained
by LHC data [435]. By comparing the 90 fermionic degrees of freedom in the SM with the
6 degrees of freedom in the neutrino sector contributing to missing energy E/T , we take
yNC ' 0.95 and so using yNC,0 ' 0.3 we have YNC ' 3. This particular choice of yNC is
also valid for excitations of the string and quantum black hole production in scenarios
with large extra-dimensions.6 However, this is not the case for exchange of Kaluza-Klein
gravitons in the large extra-dimension brane-world, where the transferred energy fraction
is only around 0.1 [438, 439].
Maximizing the likelihood (5.65) for the parameters θ = {F, SNC } using (5.70) and (5.74)
provides the values



+0.27

 SNC = 0.00−0.00 (1σ C.L.),






F =

(5.75)

+0.20
1.16−0.18
(1σ C.L.).

In Fig. 5.16 we show the confidence contours and the associated curves in the F − SNC plane
for each event type that would produce the observed number of events of each type. We

6 To

first approximation, the black hole can be treated as a point-radiator that emits mostly s-waves. This
indicates that it decays equally to a particle on the brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra angular modes available in the bulk. Since there are
many more particles on our brane than in the bulk, this has the crucial consequence that the black hole
decays visibly to SM particles [436, 437].
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Figure 5.18.: Reference number of events from (5.62) with normalization given by (5.76).
can conclude that SNC > 1 is excluded at 2σ level.
In summary, we have used the complete (𝒮 + 𝒯 ) HESE data sample to constrain the
rise of σNC . Because the data are scant and the arrival direction of shower events have
large uncertainties we have chosen to integrate over the angular distribution. Note that
the analysis presented herein is complementary to those reported in [407, 409] as it
test a different region of the neutrino-nucleon cross section parameter space. Indeed,
the likelihood fit given in (5.75) provides the first unequivocal constraint derived from
IceCube data on non-perturbative SM phenomena [427], low-mass-string-scale Regge
excitations [428], and gravity effects [400].

5.2.4.2. Dependence on the neutrino spectrum
As we have pointed out Sec. 5.2.2, for a given bin of energy, we can constrain neutrino
interactions without assuming particular neutrino fluxes or cross sections. However,
because of the limited data sample we have combined the results of various energy bins.
This introduces a dependence of the neutrino-nucleon cross section with the shape of the
neutrino spectrum.
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Figure 5.19.: 1, 3, and 5σ confidence contours for (F, S) for scaled total cross section σtot
and flux φ with respect to their reference values σtot,0 and φ0 as given by (5.76).
To estimate the uncertainty associated with the spectral shape, in what follows we
duplicate the procedure of Sec. 5.2.4.1, but with a flux normalization given by the most
recent fit to the spectrum by the IceCube Collaboration,


φ 0 = Nφ

Eν
100 TeV

 −γ

× 10−18 (GeV cm2 s sr)−1 ,

(5.76)

where Nφ = 6.45+1.46
and γ = 2.89+0.20
[440]. The values of the expected number of events
−0.19
−0.46
considering the central values of the flux given in (5.76) are shown in Fig. 5.18. Table 5.6
contains the expected number of events in each one of the four categories compared to the
observed ones.
For the ratios given in Table 5.6, the likelihood maximizes for the pair of values



+0.54

 S = 1.24−0.36 (1σ C.L.),


(5.77)



 F = 1.14+0.36
(1σ C.L.).
−0.30
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Table 5.6.: Observed/expected number of events in each category.
Event direction
Shower
Track
Down-going
18/14.1
6/2.9
Up-going
5/8.7
7/1.8

Figure 5.20.: Evolution of the cross section precision measurement.
In Fig. 5.19 we show the confidence contours and the associated curves in the F − S plane
for each event type that would produce the observed number of events of each type.
Note that by considering the steeper spectrum given in (5.76) the error in the cross
section slightly improves from 37% to 36%. We conclude that the determination of the
neutrino-nucleon cross section carried out in Sec. 5.2.4.1 is robust.

5.2.4.3. Looking ahead with IceCube-Gen2
Design studies for the IceCube-Gen2 high-energy array are well underway [397]. They
will result in an instrumented volume approaching 10 km3 and will lead to significantly
larger neutrino detection rates, across all neutrino flavor and detection channels. A rough
estimate indicates about an order of magnitude increase in exposure per year. The bigger
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Figure 5.21.: Confidence contours based in simulated data for a 500× (left) and 1000×
(right) the actual sample.
instrumented volume will facilitate the calorimetric detection of muon tracks, reducing
significantly the systematic uncertainty. The extension will reuse the very reliable design
of IceCube’s digital optical modules and therefore it will surely perform technologically at
least at the level of IceCube. A conservative estimate of the sample size is then attainable
by simply scaling the instrumented volume.
To determine the sensitivity of IceCube-Gen2 to probe strong dynamics, we generate
random samples of events, N̄𝒵
, following the distribution (5.63), with the parameters for
x,k
a scaled total cross section found in the IceCube data analysis, which are summarized in
(5.69). To accommodate the bigger instrumented volume we adopt a multiplying factor
on the IceCube data sample. In 10 years of observation IceCube-Gen2 will collect about
500 neutrino events in the energy range 0.1 . Eν /PeV . 2, and about 1000 events in 20
years. Thus we adopt 20 and 40 as the representative multiplicative factors associated
with these data samples. Using the high-energy and high-statistics sample to be collected
by IceCube-Gen2, we perform the same likelihood analysis as with the real data. The
results are shown in Fig. 5.17 for a sample of 20× and 40× the actual sample size. The
precision on the cross section determination would be 7.9% and 5.5% for ∼ 500 and ∼ 1000
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events, respectively. This precision is comparable to that obtained in perturbative QCD
calculations guided by HERA data. Of course this will also require a comparable reduction
on the systematic uncertainties, otherwise any study would become systematics-limited.
Detailed evolution of the uncertainty with sample sizes is illustrated in Fig. 5.20.
We can also envisage an IceCube-like detector of 100 km3 , specifically designed to
probe strong dynamics. In Fig. 5.21 we entertain this possibility and show the results of a
likelihood analysis based on simulated data for a 500× and a 1000× the actual sample. The
1σ contour regions could reach a precision of less than 2% level.
Some of the technologies needed to enable the next generation neutrino observatories
are already in development. For example, the strings of IceCube-Gen2 will use multi-PMT
DOMs, providing better directionality and more than double the photocathode area
per module [441–443]. The new instrumentation will dramatically boost IceCube-Gen2
performance. The strings will feature new calibration devices that would allow to better
model the optical properties of the ice, reducing systematic uncertainties in the tau neutrino
appearance measurement, and improving reconstruction of the direction of high energy
cascade events. The reduction of systematics uncertainties in the arrival direction of
𝒮-events would play a pivotal role in the accurate determination of the neutrino-nucleon
cross section. Strategies and new devices to greatly improve the angular resolution of
next-to-next-generation cosmic neutrino detectors are also under discussion. Any detailed
discussion addressing the challenges to be faced in the design of these facilities falls outside
the scope of this article, which has been planned as a phenomenological approach to
neutrino scattering on ice.

5.2.5. Conclusions
Motivated by IceCube observations we have re-examined a technique to probe strong
dynamics with neutrino telescopes in the Antarctic ice. The strategy involves comparing the
rate for up-going and down-going neutrino events to disentangle effects from the unknown
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flux and those from QCD dynamics. More concretely, we implemented the standard
statistical analysis, using two uncorrelated observables (up- and down-going events), to
determine the best fit model parameters (flux and cross section) and the fluctuations around
the favored values. The hypotheses of the model being tested are: (i) an isotropic neutrino
flux and (ii) flavor ratios democratically distributed on Earth, both consistent with IceCube
data [364, 365, 377, 417, 420]. Current results from IceCube already provide interesting
constraints on the flux cross-section parameter space. Using 6 yr of IceCube HESE data
√
we have obtained a measurement of the neutrino-nucleon cross section at s ∼ 1 TeV.
We have shown that the measured cross section is consistent within 1σ with perturbative
QCD calculations constrained by HERA measurements, and also with the recent IceCube
measurement [407, 409]. Note that with current statistics in the HESE data-sample our
measurement has a 37% uncertainty, compared to the measured cross section with 35%
uncertainty reported by the IceCube Collaboration using a larger data sample, and the 5%
error of the SM experimentally constrained calculation using HERA data. In a separate
study we have also constrained contributions from non-perturbative processes to the
neutrino-nucleon cross section. We have shown that contributions to the NC interaction at
√
s ∼ 1 TeV from electroweak sphaleron transitions are excluded at the 2σ level.
However, the most important result of our study is the investigation on the potential
of future neutrino-detection facilities for measuring the neutrino-nucleon cross section.
Using the energy and angular distributions observed by the IceCube neutrino detector, we
have demonstrated that in the near future IceCube-Gen2 will carry striking improvements
to determine both astrophysical neutrino fluxes and cross section. In particular, we have
shown that the high-energy high-statistics data sample to be collected by this facility will
√
fetch a direct measurement of the neutrino-nucleon cross section at s ∼ 1 TeV, with a
precision of about a 6%, that is comparable to perturbative QCD informed by HERA data.
We have also shown that a 100 km3 detector would reach the unprecedented precision of
less than a 2% level.
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6

hadronic interactions in cosmic
r a y a i r s h owers

This chapter treats topics related to collective effects that may occur in the
interactions of UHECRs in the atmosphere. More specifically, it is expected that
when high enough energy densities are reached in nuclear collisions, a quarkgluon plasma may be formed. This would modify the produced particle spectrum
as well as their angular distributions. This chapter deals with the possibility that
a modification of the particle spectrum may suffice to explain the defect of muons
at ground level that UHECR experiments observe.
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6. hadronic interactions in cosmic ray air showers

6.1. Probing QCD approach to thermal equilibrium with ultrahigh energy
cosmic rays
The Pierre Auger Collaboration has reported an excess in the number of muons of a few tens
of percent over expectations computed using extrapolation of hadronic interaction models
tuned to accommodate LHC data. Very recently, we proposed an explanation for the
muon excess assuming the formation of a deconfined quark matter (fireball) state in central
collisions of ultrarelativistic cosmic rays with air nuclei. At the first stage of its evolution the
fireball contains gluons as well as u and d quarks. The very high baryochemical potential
inhibits gluons from fragmenting into uū and dd̄, and so they fragment predominantly into
ss̄ pairs. In the hadronization which follows this leads to the strong suppression of pions
and hence photons, but allows heavy hadrons to be emitted carrying away strangeness.
In this manner, the extreme imbalance of hadron to photon content provides a way to
enhance the muon content of the air shower. In this communication we study theoretical
systematics from hadronic interaction models used to describe the cascades of secondary
particles produced in the fireball explosion. We study the predictions of one of the leading
LHC-tuned models QGSJET II-04 considered in the Auger analysis.

6.1.1. Introduction
Besides addressing central questions in ultrahigh energy cosmic ray (UHECR) astrophysics
– determining the baryonic component and identifying or constraining sources – the
AugerPrime upgrade will provide unique access to particle physics at an order-of-magnitude
higher center-of-mass energy than the Large Hadron Collider (LHC) [444].
As recently demonstrated by the Pierre Auger Collaboration [67], it is possible to test
particle physics well above 100 TeV in the UHECR-air nucleon center-of-mass energy,
using hybrid UHECR air showers, even with a mixed primary composition. Moreover,
the column energy-density in UHECR-air collisions is an order of magnitude greater
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than in Pb-Pb collisions at the LHC, suggesting the potential for new hadronic physics
from gluon saturation and possibility of exploring quark-gluon plasma as well as quark
matter formation by heavy nuclear primaries at far higher energies than available in
accelerators [78, 79].
A significant discrepancy in the shower muon content is found (greater than 2σ, statistical
and systematics combined in quadrature) between predictions of LHC-tuned hadronic
event generators and observations [67]. With the added muon-electromagnetic separation
and the significantly higher data-taking rate for the highest energy hybrid events provided
by AugerPrime, the reason for this discrepancy may be determined.
As a UHECR-induced air shower develops in the atmosphere, it increases in particle
number, before eventually the particle energies drop below some threshold, at which
ionization losses begin to cull the particle population. The position at which an air shower
deposits the maximum energy per unit mass traversed is known as Xmax and its dispersion
is known as σ(Xmax ). Both of these observables are sensitive to the primary UHECR
composition, though interpreting this dependence requires resorting to predictions of
simulations of hadronic interactions at energies and in kinematical regions inaccessible to
terrestrial experiments [445].
The Auger surface array can also be employed to extract composition-dependent information, including the shower muon richness observed a the ground as well as the muon
µ

production depth, Xnax , which is the depth along the shower axis where muon production
reaches a maximum. One advantage of the surface array is its nearly 100% duty cycle,
compared to the roughly 15% duty cycle of the fluorescence detectors. A measure of
µ

Xmax can be attained via timing information of the muons when they arrive at the ground.
µ

Curiously, the primary masses predicted by Xmax and Xmax are not in agreement, with
the Xmax suggesting an average composition at the highest energies in the mass range
µ

of nitrogen [113], while Xmax is more consistent with a composition heavier than iron,
using LHC-tuned EPOS at the hadronic interaction model [446]. Using QGSJET leads to
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µ

µ

a better agreement between Xmax and Xmax , with Xmax favoring iron composition at the
highest energies. Regardless of models chosen, however, it appears difficult at present
µ

to reconcile the Xmax and Xmax measurements with each other using existing hadronic
interaction models.
In addition, it is interesting to note that while for 109.5 . E/GeV . 1010.6 the mean and
dispersion of Xmax inferred from fluorescence Auger data point to a light composition
(protons and helium) towards the low end of this energy bin and to a large light-nuclei
content (around helium) towards the high end (see Fig. 3 in [120]), when the signal in
the water Cherenkov stations (with sensitivity to both the electromagnetic and muonic
components) is correlated with the fluorescence data, a light composition made up of
only proton and helium becomes inconsistent with observations [116]. The hybrid data
indicate that intermediate nuclei, with baryon number A = 14, must contribute to the
energy spectrum in this energy bin. Moreover, a potential iron contribution cannot be
discarded.
New physics processes in the first interaction would tend to increase σ(Xmax ), making
the nuclear composition appear lighter than what actually is. This is because we would
not expect new physics processes when nuclei just slide along each other. The admixture
of peripheral and “new physics” collisions would then produce large fluctuations in the
µ

number of muons at ground level and increase σ(Xmax ). On the other hand, Xmax occurs
µ

after the shower is more fully thermalized and hence σ(Xmax ) is less sensitive to new physics
in the first interaction. Combining information from these two variables thus provides a
means of disentangling effects of nuclear composition from new physics. If measurements
µ

µ

of σ(Xmax ) and Xmax were equally accessible experimentally, Xmax would provide a better
measurement of the nuclear composition, as it is less sensitive to new physics in the first
interaction.
It is also important to note that any new physics should affect σ(Xmax ), causing the
distribution to trend upwards above the new physics threshold, an effect which would be
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too large to be accounted for by increasing primary mass. On the other hand, new physics
would not manifest in this way in the case of Xmax . A constant nuclear composition would
yield a straight elongation rate, while an increase in primary mass would cause Xmax to
inflect downward. These unique predictions for Xmax and σ(Xmax ), are in agreement with
existing data; see again Fig. 3 in [120]. With enough statistics, it should be possible to
discern these effects.

6.1.2. Model and simulations
Very recently we presented a model that can accommodate all these anomalies [79]. The
model builds up on an old idea, which allows formation of a deconfined quark matter
(fireball) state in central collisions of ultrarelativistic cosmic rays with air nuclei [81]. At the
first stage of its evolution the fireball contains gluons as well as u and d quarks. The very
high baryochemical potential inhibits gluons from fragmenting into uū and dd̄, and so they
fragment predominantly into ss̄ pairs. In the hadronization which follows this leads to the
strong suppression of pions and hence photons, but allows heavy hadrons to be emitted
carrying away strangeness. In this manner, the extreme imbalance of hadron to photon
content provides a way to enhance the muon content of the air shower. In addition, the
admixture of peripheral and fireball collisions would then produce large fluctuations on
µ

Xmax , but the muon shower maximum Xmax would have small fluctuations, in agreement
with existing data.
In this paper we use simulations to study the effects of fireball models in air shower
observables. Cosmic Ray Monte Carlo (CRMC v1.6.0) [447] is an interface to different
hadronic event generators such as EPOS LHC [33] or QGSJET II-04 [448]. It outputs
the secondaries of particle interactions for different hadronic models, which allows an
standard use of the interaction products for any further analysis. CORSIKA (v7.5600)[32]
performs the simulation of atmospheric showers produced after cosmic ray interactions in
the atmosphere. It makes use of different hadronic event generators to obtain the products
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of the first and subsequent interactions at the highest energies. Nevertheless, the first
interaction can be treated externally (STACKIN option), allowing the user to give as input
not just the cosmic ray primary, but the secondaries and their energies and momenta. It
is possible then to modify the particle content and properties after the first interaction to
analyze afterwards the evolution of the shower.
Our goal is to test whether fireball-like models would be able to mitigate the current
tension between LHC extrapolated predictions and data at the Pierre Auger Observatory,
without developing a full theoretical framework for fireball models or carrying out fully
detailed simulations of the physical processes involved in fireball interaction secondary
particle production. In this work we take CRMC results for first interactions and modify
the particle content in a consistent manner according to the above description of the
fireball model, where the pion content is highly suppressed. We study the effect of this
modification on the muon content at the Pierre Auger observation level.
The computational power needed to run full simulations of atmospheric showers is an
important limiting factor in the accuracy that one can reach in simulated air shower analyses.
The thinning option in CORSIKA allows a reduction of the computing time by reducing
some information about the development of individual particles and compensating the
by applying weights to simulated particles. A comparison of results for thinned and
unthinned showers presented in [449] allows us to consider that, when the expected
number of particles at observation level is high enough, the fluctuations (of the number of
particles) created by the thinning algorithm are small enough for the result to be close to
the corresponding unthinned result. Nevertheless, due to time constraints, we use a less
conservative thinning threshold than the one presented in [449], which may be source of
some uncertainties in our results.
In order to measure the reliability of our simulations, we perform an analysis of the
muon content at ground level with the parameters suggested in [66] for comparison. We
concentrate on the energy interval 109.9 . E/GeV . 1010.2 , and simulate proton showers at
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Figure 6.1.: Simulated showers (proton at left, iron at right) and 68 % C. L. fit bands, Auger
fits to proton and iron simulations, and Auger measurements. All simulations using
QGSJET II-04.
67◦ zenith angle. Following [66] a fit to a parametrization
Rµ = a(E/1019 eV)b

(6.1)

is assumed. Here, Rµ = Nµ /Nµ,19 , where Nµ the number of muons at the Auger observation
level above 0.3 GeV for any energy, and Nµ,19 the same quantity evaluated at 1019 eV. Fitting
(6.1) to our data we obtain a = 1.24 ± 0.05 and b = 0.90 ± 0.02, in good agreement with the
values presented in [66]. This agreement can be well appreciated in Fig. 6.1.
The next step is to perform the same kind of analysis using primary particles that may
create fireballs in the first interaction. We take iron (A = 56) as reference. A new fit of (6.1)
to data gives a = 1.65 ± 0.01 and b = 0.94 ± 0.02. The data and fit can be also seen in Fig.
6.1.
A Heitler model predicts the total number of muons in a shower to follow



Nµ,tot

E/A
=A
Ec

α

,

(6.2)

where E and A are the primary energy and mass number, respectively, Ec the critical
energy for π± to decay into µ± . If we assume Rµ ∝ Nµ,tot , the exponents α and b in (6.2)
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and (6.1) must be the same. Since b is almost the same for proton and iron primaries,
Rµ

Fe

/ Rµ

p

∼ 561−b ≈ 0.89 ± 0.07, where we have used the value of b from [66]. Using

our fit parameters we obtain

*

+

Rµ

Fe

Rµ

p

≈ 1.13 ± 0.05,

(6.3)

where the external average is taken to be the considered energy interval. Due to the
approximate nature of the previous estimations, the numbers can be considered to be
in agreement, and this serves as another validation of the overall good behavior of our
analysis with the selected thinning.
Now, we proceed to the simulation and analysis of individual first interactions. Using
CRMC to interface with QGSJET II-04 we produce iron-nitrogen collisions in the energy
interval of our interest. We extract the different particles created in the interaction, together
with their energies, momenta and child particles (in the case of the prompt decay of neutral
pions and kaons). Since we are precisely interested in those neutral mesons, we revert those
decays before performing any analysis. An example of the secondary particles created in
those interactions is shown in Fig. 6.2.
On the right panel of Fig. 6.2 we extract the information about the fraction of particles
of each kind, considering nucleons, pions and kaons. As expected, the number of
pions outnumbers that of kaons. As a first approximation to see if the fireball model
produces effects in the adequate direction to explain current data, we invert kaon and pion
populations. According to Fig. 6.2, the proportion of kaons will be around 80%, much
higher than the one of pions. This is, as stated previously, a first approach to the effect that
one would expect from a fireball model.
In order to compare the evolution of the shower in the different situations, we show (Figs.
6.3, 6.4 and 6.5) the energy distribution and fraction of total energy for the electromagnetic,
muonic and hadronic components of the different showers. One can see how the energy in
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Figure 6.2.: Left: Secondaries normalized momenta in a N-N interaction in the target rest
frame. Dashed red arrow points to shower axis. Colors represent particle species (green
= nucleons, red = pions, blue = kaons, yellow=photons, black = others). The transverse
Right: fraction of kaons, pions and nucleons after the first interaction.
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Figure 6.3.: Energy distribution and fraction of total energy for proton showers.
the muonic component increases for iron showers, as commented before. Note that the
range of energies for the showers in Fig. 6.5 is much smaller than the used in 6.3 and 6.4.
In order to see more precisely how increasing the amount of energy in the kaon sector
after the first interaction would increase the number of muons at ground, one can study
kaon, pion and proton showers in the typical energy range of the products coming from
primaries in the studied energy range. In Fig. 6.6 we show the number of muons at ground
for those kind of showers. While proton/neutron showers provide a similar amount of
muons than kaon showers, pion showers remain around one order of magnitude lower.
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Figure 6.4.: Energy distribution and fraction of total energy for iron showers.
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Figure 6.5.: Energy distribution and fraction of total energy for modified iron showers.
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Figure 6.6.: Energy distribution and fraction of total energy for modified iron showers.
Then, transferring the energy contained in pions to kaons would produce the expected
effect of increasing Rµ .
Now, if the shower is initiated in a fireball explosion all the energy of the incoming nucleus
is redistributed among fundamental quarks and gluons. This is a completely inelastic
process, which differs from the usual inelastic processes in that the fireball creates a higher
multiplicity of quarks and gluons and to a first approximation equally partitions energy
among the secondaries (thereby negating a large leading particle effect). Thus, to simulate
a complete fireball explosion using inelastic collisions from LHC-tuned hadronic event
generators, we still have to account for the energy distribution carried by the secondary
nuclei produced in the primary collision. The simplest and straightforward model of a
fireball shower is then as follows. Using CRMC to interface with QGSJET II-04 we produce
iron-nitrogen collisions in the energy interval of our interest. We scan the secondaries
searching for residual nuclei. If any nucleus is found, we proceed to delete this nucleus
from the list of secondaries of the primary interaction. The hadronic collision package
QGSJET II-04 is call for separately, with the residual nuclear fragments as projectiles.
The secondaries produced by QGSJET II-04 in each of the residual nucleus collisions are
appended to the original list of secondaries. We scan repeatedly the list of secondaries
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duplicating the procedure detailed above until no more residual nuclei are found. Then
we search for pions and kaons in the final list of secondaries. We change each pion whose
kinetic energy is larger than mK − mπ onto a kaon retaining charge, i.e. π+ → K+ , π− → K− ,
π0 → K0l or K0s (each case at random with 50% probability), and each kaon onto a pion also
retaining charge, i.e. K+ → π+ , K− → π− , K0l → π0 , K0s → π0 . We always preserve the total
(rest + kinetic) energy and particle direction of motion. Interestingly, UHECR showers
simulated following all of the previous considerations give an increment in Rµ by 𝒪(10%).
We conclude that to a first approximation fireball induced showers would accommodate
Auger observations shown in Fig. 6.1. A precise determination of the increase in Rµ that
would follow from a given modification of the particle content after the first interaction is
still ongoing and will be presented elsewhere.

6.2. Through the Looking-Glass with ALICE into the Quark-Gluon Plasma:
A New Test for Hadronic Interaction Models Used in Air Shower
Simulations
Recently, the ALICE Collaboration reported an enhancement of the yield ratio of strange
and multi-strange hadrons to charged pions as a function of multiplicity at mid-rapidity in
proton-proton, proton-lead, lead-lead, and xenon-xenon scattering. ALICE observations
provide a strong indication that a quark-gluon plasma is partly formed in high multiplicity
events of both small and large colliding systems. Motivated by ALICE’s results, we propose
a new test for hadronic interaction models used for analyzing ultra-high-energy-cosmic-ray
(UHECR) collisions with air nuclei. The test is grounded in the almost equal column-energy
density in UHECR-air collisions and lead-lead collisions at the LHC. We applied the test
to post-LHC event generators describing hadronic phenomena of UHECR scattering and
show that these QCD Monte Carlo-based codes must be retuned to accommodate the
strangeness enhancement relative to pions observed in LHC data.
197

6. hadronic interactions in cosmic ray air showers

6.2.1. Introduction
Besides addressing key questions in astrophysics, ultra-high-energy cosmic ray experiments
provide unique access to particle physics at energies an order-of-magnitude higher center-ofmass energy than pp collisions at the Large Hadron Collider (LHC) [26]. However, a precise
characterization of the particle physics properties is usually hampered by the ambiguity of
model predictions computed through extrapolation of hadronic interaction models tuned
to accommodate collider data. These predictions have sizable differences [69, 450, 451],
even among modern (post-LHC) models [452], and quite often overlap with the phase of
particle physics observables. Disentangling one from the other is of utmost importance
to study particle physics in unexplored regions of the phase-space. The development of
new approaches to reduce the systematic uncertainties of hadronic interaction models
represents one of the most compelling challenges in UHECR data analysis. In this Letter
we introduce a reliable technique for extrapolation into the ultra-high-energy domain.

6.2.2. QGP formation in cosmic ray interactions
QCD calculations on the Lattice [453] predict that under certain critical conditions of baryon
number density and temperature, normal nuclear matter undergoes a phase transition to a
deconfined state of quarks and gluons where chiral symmetry is restored [37]. For many
purposes, such a quark-gluon plasma (QGP) can be described as a near-perfect fluid with
surprisingly large entropy-density-to-viscosity ratio. Therefore, once formed, like any other
hot object, the QGP transfers heat internally by radiation. Several phases can be identified
during the QGP evolution. The initial state contains only gluons as well as valence u and d
quarks, but strangeness is produced in the very early stages via hard (perturbative) 2 → 2
partonic scattering processes (gg → ss̄ and qq̄ → ss̄). Strangeness is also predominantly
produced during the subsequent partonic evolution via gluon splittings (g → ss̄). This is
because the very high baryochemical potential inhibits gluons from fragmenting into uū
and dd̄, and therefore they fragment predominantly into ss̄ pairs [41]. In the hadronization
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process that follows this leads to the strong suppression of pions (and hence photons), but
allows the production of heavy hadrons with high transverse momentum (pT ) carrying
away strangeness. At low pT non perturbative processes dominate the production of
strange hadrons. Thus, the abundances of strange particles relative to pions provide a
powerful discriminator to identify the QGP formation.
A QGP can be created by heating nuclear matter up to a temperature of 2 × 1012 K,
which amounts to 175 MeV per particle. Relativistic heavy-ion collisions are then the best
tool one has to search for QGP production. Recently, the ALICE Collaboration reported
enhancement of the yield ratio of multi-strange hadrons to charged pions as a function
of multiplicity at mid-rapidity in LHC proton-proton (pp), proton-lead (pPb), lead-lead
(PbPb), and xenon-xenon (XeXe) collisions [57, 454–456]. More concretely:
• the production rate of K0S , Λ, φ, Ξ, and Ω increases with multiplicity faster than that
for charged particles;
• the higher the strangeness content of the hadron, the more pronounced is the increase;
• the ratios do not seem to depend on the system size or collision energies.
Altogether, this provides unambiguous evidence for the formation of a QGP in high
multiplicity small and large colliding systems [457].
Now, if the QGP is formed in relativistic heavy-ions collisions one would also expect
to be formed in the scattering of UHECRs in the upper atmosphere [78, 79]. Moreover,
since the column-energy density in UHECR-air collisions is comparable to that in PbPb
collisions at the LHC, the precise characterization of the QGP properties from ALICE data
enables us to investigate QGP models describing the scattering of cosmic rays that impinge
on the Earth’s atmosphere with energy 109 . E/GeV . 1011 . Indeed, as we show herein
ALICE data straightforwardly constrain these models without the need to rely on energy
extrapolation.
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Before proceeding, we pause to note that the column-energy density is the relevant
parameter to compare QGP models with experimental data. This is because in the
center-of-mass the particles are extremely Lorentz contracted so the time it takes to pass
through each other is small compared to the time for signals to propagate transversely, and
hence the pertinent parameter is the total surface energy density. The best way of getting
this point across is to consider the collision of two nuclei of baryon number A1 and A2
in the center-of-mass frame. The energies per nucleon for each nucleus are written as
√
√
E1 = s/(2A1 ) and E2 = s/(2A2 ), where s denotes the total center of mass energy squared.
Approximating each nucleus in its rest-frame as a cube of side L = A1/3 gives the surface
energy density in GeV/nucleon-cross-section [73]
1/3

1/3

Σ = A1 E1 + A2 E2 =


1 √  −2/3
−2/3
.
s A1 + A2
2

(6.4)

Finally, following the de-facto standard of high-energy physics, we rewrite (6.4) in the
nucleon-nucleon center-of-mass frame

Σ=



1√
−2/3
−2/3
(A1 + A2 ) ,
sNN A1 + A2
4

(6.5)

√
√
where sNN = 2 s/(A1 + A2 ) is the center-of-mass energy per nucleon.
√
For LHC PbPb scattering at sNN = 5.02 TeV we can use (6.5) to obtain
4
ΣPbPb
LHC = 2.9 × 10 GeV ,

(6.6)

√
whereas for LHC XeXe scattering at sNN = 5.44 TeV, we have
4
ΣXeXe
LHC = 1.2 × 10 GeV .

(6.7)

This must be compared to UHECR protons colliding with air nuclei at 1010.5 . s/GeV2 .
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Table 6.1.: Selected particle species α.
α
particles
π
π+ + π−
p
p+ + p̄
K
K0S
Λ
Λ + Λ̄
Ξ
Ξ− + Ξ̄+
Ω
Ω− + Ω̄+
1012.5 , which leads to
pair

9.8 × 104 < ΣUHECR /GeV < 9.8 × 105 ,

(6.8)

where we have taken Aair = 14. For the same primary energy, if the UHECR is a
nucleus instead of proton the column energy density is reduced. Now, using (6.4) it is
air
straightforward to see that for helium and carbon nuclei with E & 109 GeV, ΣA
> ΣPbPb
,
UHECR
LHC

but already for nitrogen (and of course nuclei with larger baryon number) there is a
air
particular energy where ΣA
' ΣPbPb
. For example, when a nitrogen with E ' 109 GeV
UHECR
LHC
√
collides with an air nucleus, we have sNN ' 12 TeV and a column-energy density
air
ΣN
' 2.9 × 104 GeV, which is comparable to ΣPbPb
. Therefore, under the well
UHECR
LHC

justified assumptions of universality between different projectile/target combinations and
approximate independence of the collision energy, we conjecture that the QGP model
predictions of these two scattering processes must be roughly the same. In particular,
√
both LHC PbPb scattering at sNN = 5.02 TeV and UHECR nitrogen-air collisions at
√
sNN ' 12 TeV should produce the same hadron-to-pion yield ratios as a function of
the charged multiplicity. The hadron-to-pion yield ratios as a function of the charged
√
multiplicity observed in LHC PbPb scattering at sNN = 5.02 TeV have been reported
by the ALICE Collaboration [57, 454–456], providing a direct calibration for hadronic
interaction models used for analyzing UHECR collisions with air nuclei.
The column energy density is subject to large fluctuations from collision to collision.
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For fixed nucleon-nucleon center-of-mass energy, the multiplicity of charged secondary
particles is expected to be a reasonable tracer of the column energy density. Large
multiplicities correspond to many nucleons interacting (high density), small multiplicities
to few nucleons participating in the collision (low density). Taking this argument into
account one can perform a comparison of prediction to data as a function of charged
particle multiplicity instead of the non-observable column energy density. Because charged
multiplicity is a good tracer of the energy density in the collision, the particle ratios are
expected to depend on whether the QGP is formed (or not) in the collisions. This is very
well seen in the ALICE data [57, 454–456]. High secondary multiplicities correspond
to the formation of a larger QGP region than low-multiplicity interactions, as expected.
Furthermore, the observed particle ratios are, to a first approximation, only depending on
the charged particle multiplicity (in the considered energy range). They are similar for a
given charged particle multiplicity and independent of the projectile-target combinations
and different nucleon-nucleon center-of-mass energies. This can then be interpreted as
reflecting the conjectured dependence on the column energy density.

6.2.3. Model - data comparison
We now turn to compare the predictions of post-LHC hadronic interaction models (QGSJET
II-04 [448] , EPOS-LHC [33], and SIBYLL 2.3c [459, 460]) with the experimental data
reported by the ALICE Collaboration [455]. We run 106 collisions for each of the models, pair
of primary particles, and center-of-mass energy. In analogy with the analyses presented by
the ALICE Collaboration, we select those collisions containing at least one charged particle
within the central (|η| < 1) pseudorapidity region. For those collisions, we first select the
charged particles at midrapidity (|η| < 0.5). To estimate the observable hdNch /dηi |η|<0.5 ,
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(a)

(b)

(c)

Figure 6.7.: Hadron-to-pion yield ratios as a function of the charged particle multiplicity in
pp, pPb, PbPb, and XeXe collisions at √
the LHC. The predictions
of post-LHC hadronic
√
√
interaction models (top-to-bottom, pp s = 7 TeV, pp s = 13 TeV, NN √
sNN = 12 TeV)
are √compared to data reported by the ALICE Collaboration: ◦ pp at s = 7 TeV, •
√
√
pp s = 13 TeV,  pPb at sNN = 5.02 TeV,  PbPb at sNN = 5.02 TeV,  XeXe at
√
sNN = 5.44 TeV [455]. (We have corrected a factor of two which is missing in the
labeling of ΓΛΛ̄ in Fig. 6 of [455], Fig. 4 of [456], Fig. 1 of [57], and Fig. 1 of [458].)
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we write it as

∫
|η|<0.5

hdNch /dηi |η|<0.5 =

∫

dNch
dη
dη

dη
|η|<0.5

= Nch (|η| < 0.5) ≡ Ncch ,

(6.9)

the total number of charged particles at midrapidity which, for the i-th collision, is denoted
by Ncch,i . For this collision, we measure the total number of particles Nα,i of several groups
of species α, as described in Table 6.1. Armed with (6.9), we obtain the ratios to charged
pions as

Γα,i ≡

Nα,i
.
Nπ,i

(6.10)

In Fig. 6.7 we show the average ratios Γα ≡ hΓα,i i to all the collisions with the same Ncch for
the six species listed in Table 6.1 as reported by the ALICE Collaboration. For comparison,
we also show the predictions of EPOS-LHC and SIBYLL 2.3c for the above mentioned
√
√
species (other than φ) considering pp collisions s = 7 TeV and s = 13 TeV, as well as
√
NN collisions at sNN = 12 TeV. We note, however, that the particles that play a role
on the evolution of UHECR showers are pions, kaons, protons, neutrons, lambdas (and
the corresponding antiparticles). For the simulations run with QGSJET, we only display
predictions for the relevant secondaries driving the shower evolution. Overall, we conclude
that none of the models correctly reproduce the main tendencies of ALICE data, especially
for the description of multi-strange hadron production. For pp collisions, all hadronic
interaction models seem to reproduce quite well Γpp̄ and ΓK0 , but fail to reproduce ΓΛΛ̄ . For
S

NN collisions, EPOS-LHC reaches a good enough standard to pass the test in predicting
the number of secondary kaons and lambdas as a function of the charge multiplicity.
However, Γpp̄ is overproduced by roughly 25%. SIBYLL 2.3c provides a good description
of Γpp̄ , but fails to predict the number of kaons and lambdas. Finally, QGSJET slightly
overproduces Γpp̄ and fails to predict ΓK0 and ΓΛΛ̄ . All in all, EPOS-LHC provides the
S
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best description of the hadron-to-pion yield ratios as a function of the charged multiplicity
relevant in the modelling of UHECR shower evolution. Of course, if QGP effects are
correctly implemented in the models they should describe the aforementioned features as
seen in data.

6.2.4. Conclusions
We end with three observations:
• Over the last year there has been a tremendous amount of progress in modeling
UHECR interactions with EPOS-LHC [65]. In particular, the new EPOS-QGP has
been properly tuned to reproduce the particle to pion ratio for the Ω baryon versus
multiplicity at mid-rapidity as reported by the ALICE Collaboration [80, 461]. It
will be interesting to see whether the EPOS-QGP predictions of NN collisions at
√
sNN = 12 TeV can accurately match the experimental data of Γpp̄ .
• Future LHC data (including pO and OO collisions [56]) will provide new insights to
guide software development.
• The formation of a QGP could play a significant role in the development of UHECR
air-showers. In particular, the enhanced production of multi-strange hadrons in
high-multiplicity small and large colliding systems would suppress the fraction of
energy which is transferred to the electromagnetic shower-component. The formation
of QGP blobs in air showers would then enhance the number of muons reaching
ground level, and would also modify the shape of the muon density distribution
ρµ (r). The curvature of this distribution (d2 ρµ /dr2 ) has been proposed as a possible
discriminator between hadronic interaction models with sufficient statistics [462]. A
thorough study of these phenomena is underway and will be presented elsewhere.
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6.3. An explanation of the muon puzzle of ultrahigh-energy cosmic rays and
the role of the Forward Physics Facility for model improvement
We investigate the observed muon deficit in air shower simulations when compared to
ultrahigh-energy cosmic ray (UHECR) data. Based upon the observed enhancement
of strangeness production in high-energy hadronic collisions reported by the ALICE
Collaboration, the concomitant π ↔ K swap is considered as the keystone to resolve
the muon anomaly through its corresponding impact on the shower development. We
construct a toy model in terms of the π ↔ K swapping probability Fs . We present a
parametrization of Fs in terms of the pseudorapidity that can accommodate the UHECR
data. Looking to the future, we explore potential strategies for model improvement using
the massive amounts of data to be collected by LHC neutrino detectors, such as FASERν
and experiments at the Forward Physics Facility. We calculate the corresponding sensitivity
to Fs and show that these experiments will be able to probe the model phase space.

6.3.1. Introduction
Ultra-high-energy (109 . E/GeV . 1011 ) cosmic ray (UHECR) collisions have center-of√
mass energies (50 . s/TeV . 450) well beyond those achieved at collider experiments, and
thereby provide an invaluable probe of particle interactions below the fermi distance [26].
Of particular interest here, the highest energy cosmic rays currently observed by the Pierre
Auger Observatory (Auger) [19, 66, 67] and the Telescope Array [463–465] show a significant
discrepancy in the shower muon content when compared to predictions of LHC-tuned
hadronic event generators [69]. More concretely, the analysis of Auger data suggests
that the hadronic component of showers (with primary energy 109.8 < E/GeV < 1010.2 )
contains about 30% to 60% more muons than expected. The significance of the discrepancy
between Auger data and model prediction is somewhat above 2.1σ [67]. Auger findings
have been recently confirmed studying air shower measurements over a wide range of
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energies. The muon deficit between simulation and data, dubbed the muon puzzle, starts
at E ∼ 108 GeV increasing noticeably as primary energy grows, with a slope which was
found to be significant at about 8σ [72, 466, 467].
Certainly, in solving the muon puzzle one has to simultaneously get a good agreement
with the measurements of the distribution of the depth of shower maximum Xmax [113],
and the fluctuations in the number of muons [468]. A thorough phenomenological study
has shown that an unrivaled solution to the muon deficit, compatible with the observed
Xmax distributions, is to reduce the transfer of energy from the hadronic shower into
the electromagnetic shower, by reducing the production or decay of neutral pions [76].
Several models have been proposed to accommodate this effect, including those wherein
strangeness production suppresses the pion-to-kaon ratio [77, 79, 80]. This modification
could have a compounded effect on the hadronic cascade, so that only a comparably small
reduction of π0 production is required.
We note in passing that the proposed enhancement of strangeness production in highenergy hadronic collisions was observed by ALICE in the mid-rapidity region [454].
Specifically, ALICE observations show an enhancement of the yield ratio of strange and
multi-strange hadrons to charged pions as a function of multiplicity at mid-rapidity not only
in PbPb and XeXe collisions but also in pp and pPb scattering [455]. It goes without saying
that none of the hadronic interaction models currently used in air shower simulations
correctly reproduce ALICE data [74]. Assuming that the observed enhancement of
strangeness production in high-energy hadronic collisions is at the core of the muon
puzzle in this paper we study the concomitant π ↔ K swap impact on the development of
extensive air showers (EASs), using phenomenological toy models implemented in AIRES
(version 19.04.08) [31]. After that, we discuss the prospects to constrain our model using
forward neutrino flux measurements at FASERν [469, 470] and future experiments at the
Forward Physics Facility (FPF) [471].
There are two points worth noting at this juncture: (i) The mid-rapidity region in which
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the ALICE Collaboration reported a universal strangeness enhancement in pp, pPb and
PbPb collisions is not directly relevant for air showers experiments. It has not been observed
experimentally yet whether these effects could also be seen in hadrons produced at forward
rapidities. This is the main assumption of our model, which will be directly tested at the
FPF. (ii) Accommodating the muon deficit between simulations and data can be virtually
reduced to a constant factor, which is independent of the primary energy [472]. In our toy
model this factor is taken to be related to the π ↔ K swapping probability.
The layout of the paper is as follows. In Sec. 6.3.2 we first discuss general aspects of a toy
model and describe the (input and output) AIRES module interface. Armed with the new
AIRES module we confront the toy model with Auger data. We perform a parameter scan
using results of EAS simulations and determine the phase space boundaries of the π ↔ K
swapping probability from experimental data. In Sec. 6.3.3 we improve our toy model to
transform it into a predictive model. We present a parametrization of the π ↔ K swapping
probability in terms of the pseudorapidity that can accommodate the UHECR data. In
Sec. 6.3.4 we investigate the sensitivity to the π ↔ K swapping probability at FASERν and
the FPF and demonstrate that a direct test of the model predictions is indeed feasible. The
paper wraps up with some conclusions presented in Sec. 6.3.5.

6.3.2. A Toy Model
To describe the shower evolution we adopt the AIRES simulation engine [31] which
provides full space-time particle propagation in a realistic environment. The features of
the AIRES version used for this work (19.04.08) are explained in detail in Ref. [31].
For the present analysis, we prepared a new module to account for the possible
enhancement of strangeness production in high-energy hadronic collisions. Every time an
hadronic collision is processed, the list of secondary particles obtained from the external
event generator invoked (for our analysis we adopt SIBYLL 2.3d [460]) is scanned by the new
module before passing it to the main particle propagating engine. The main characteristics
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Figure 6.8.: z(Rµ ), z(Nmax ), and z(Xmax ) as a function of fs , for Eproj = 10 EeV, Esmin = 1 TeV,
and Epmin = 1 PeV. We have run 1600 (20000) showers per point for ground muons
(longitudinal development), setting at each case the thinning algorithm parameters to get
a more detailed simulation of the hadronic or the electromagnetic cascade, respectively.
of the new AIRES module are as follows.

Model Parameters
Swapping fraction fs – Controls the kind and number of secondary particles that are
affected by change of identity: −1 6 fs 6 1. In this zeroth-order approximation we
take the swapping probability Fs = fs .
Projectile energy range [Epmin , Epmax ] – Particle swapping is performed only in hadronic
collisions where the projectile kinetic energy verifies Epmin 6 Eproj < Epmax . Epmin
must be larger than 900 MeV and less than Epmax . We set Epmax → ∞ unless otherwise
specified.
Secondary energy range [Esmin , Esmax ] – Secondary particles with kinetic energies out of
the range [Esmin , Esmax ] are always left unchanged. Esmin must be larger than 600 MeV
and less than Esmax . We set Esmin = 1 TeV, and Esmax → ∞ unless otherwise specified.
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Figure 6.9.: z(Rµ ) versus fs (left), z(Nmax ) versus fs (middle), and z(Rµ ) versus z(Nmax )
(right), for varying Esmin (upper), and Epmin (lower).
Logics of Hadronic Collision Post-Processing

During shower simulation, hadronic colli-

sions are processed via calls to an event generator; we adopt SIBYLL 2.3d [460]. The input
parameters for these calls are the projectile identity pid , its kinetic energy Eproj , and the
target identity. On return, the generator provides a list of Nsec particles, specifying their
identity sidi , energy Eseci , momentum, etcetera, with i = 1, · · · , Nsec .
All the returned secondary particle lists undergo a post-processing process, just before
they are stacked into the particle stacks for further propagation. The post-processing
algorithm obeys the following rules:
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1. If fs = 0 or Eproj < Epmin or Eproj > Epmax then no action is taken; the secondary
particle list remains unchanged.
2. If fs ≠ 0 and Epmin 6 Eproj 6 Epmax then the list of secondaries is scanned, and
processed as follows:
a) If fs > 0, all the secondary pions whose kinetic energies lie within the interval
[Esmin , Esmax ] are considered for identity swapping. Each of them is randomly
selected with probability |fs |. In case of positive selection, the identity is changed
with the following criteria:
i. Each π0 is transformed onto K0S of K0L , with 50% chance between them.
ii. Each π+ (π− ) is transformed onto K+ (K− ).
b) If fs < 0, all the secondary kaons whose kinetic energies lie within the interval
[Esmin , Esmax ] are considered for identity swapping. Each of them is randomly
selected with probability |fs |. In case of positive selection, the identity is changed
with the following criterion:
i. Each K0S or K0L is transformed onto π0 .
ii. Each K+ (K− ) is transformed onto π+ (π− ).
3. The kinetic energy of swapped particles is set so as to keep total energy conserved.

Air Shower Simulations

To characterize the possible cross-correlation among selected

observables we have simulated more than a million showers with incident zenith angles of
45◦ and 67◦ . The shower observables relevant to our analysis are:
• the depth of maximum shower development Xmax and its fluctuations σXmax ;
• the dimensionless muon content Rµ = Nµ /Nµ,19 and its fluctuations σRµ , where Nµ is
the total number of muons (with Eµ > 300 MeV) at ground level and Nµ,19 = 1.455×107
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Figure 6.10.: Left. Fractions of ultra-high energy primary cosmic rays entering at the
top of the Earth’s atmosphere, as functions of the primary energy, evaluated from
partial fluxes corresponding to the fit reported by the Pierre Auger Collaboration [120].
Right. Estimations of Rµ from AIRES + SIBYLL 2.3d simulations for different values of fs
superimposed over Auger data with statistical ( •| ) and systematic ( ) uncertainties [66].
We have adopted the mixed baryonic composition shown in the left panel.
is the average number of muons in simulated proton showers at 1019 eV with incident
angle of 67◦ ;
• the number of charged particles at the shower maximum Nmax .
For each observable 𝒪, we evaluate

z(𝒪) =

h𝒪(fs )i
,
h𝒪(fs = 0)i

(6.11)

to work with normalized variables.
In Fig. 6.8 we show z(Rµ ), z(Nmax ), and z(Xmax ), as a function of fs , for E = 10 EeV,
Esmin = 1 TeV, and Epmin = 1 PeV, with both Esmax and Epmax set to infinite. Note that
√
this particular Epmin corresponds to hadronic interactions at sNN ≈ 1.41 TeV, just below
√
the energy ( sNN
' 2.76 TeV) where the ALICE Collaboration reported a smooth
ALICE

rise of the hyperon-to-pion ratio [473]. Note also that for fs < 0, kaons are changed into
pions, whereas for fs > 0, pions are changed into kaons, with progressive probability
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equal to |fs |. The simulations to evaluate Xmax are always carried out using inclined
showers at 45◦ . The variations in Xmax fluctuations (not shown in the figure) are very small:
|z(σXmax ) − 1| < 0.03 for all fs ∈ [−1, 1]. Taking fs ∼ 0.4 as fiducial we observe a change
in Rµ of roughly 20% for showers initiated by protons and 10% in those initiated by iron.
These variations correspond to a reduction of Nmax by about 3%. In the right panel of
Fig. 6.8 we can see that the model predictions on Xmax vary less than 1.5% when compared
to the fs = 0 result. Similarly, the fluctuations σXmax vary by less than 3%. Our analysis
thus corroborates the results presented in [76], which show that by suppressing the π0
energy fraction we can obtain an increase in the number of muons at ground without
coming into conflict with Xmax observations.
To study the model dependence with Esmin and Epmin we use proton induced showers.
In Fig. 6.9 we show the dependences of Rµ and Nmax with Esmin (upper row) and Epmin
(lower row). We can see that the change of Esmin leads to negligible effects, and that
there is virtually no difference between Epmin = 90 GeV and Epmin = 10 TeV, indicating a
saturation effect; see Appendix 6.3.6. These are, however, unrealistic energy thresholds. A
linear dependence between the two observables is evident, especially for z(Rµ ) ∼ 1. The
physically unrealistic case of Epmin = 90 GeV is the one that presents the largest departure
from linearity.
In the spirit of [472], we now incorporate the change of the nuclear composition of the
cosmic ray primary [120] and study the variation of hRµ i/(E/10 EeV). As displayed in
Fig. 6.10, the effect of increasing Rµ yields a flattening of the curve when compared to
the fs = 0 prediction. Even though fs ∼ 0.4 seems to roughly accommodate the data
around E ∼ 1019 eV, it is clear from the shape of the best-fit curve that to describe the muon
anomaly in a larger energy range we would need an energy-dependent fs ; see Fig. 6.11.
We note, however, that this zeroth order approximation should be understood as an
effective (macroscopic) description of the entire shower evolution, rather than a collection of
individual interactions generated by a homogeneous beam of projectiles. In this approach
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Figure 6.11.: Variation of fs with energy as determined from eyeball fitting the rising
straight-line Rµ estimation of Fig. 6.10.
Epmin is no less important than Esmin and for a 1010 GeV proton shower with fs = 0.7 the
number of pions effectively swapped barely exceeds 0.5% of the total number of secondaries
generated in shower. Global observables, such as the number of muons at ground level,
were obtained after adding and averaging heaps of individual contributions, a process in
which statistics erases many “microscopic” details.

6.3.3. Model Refinement
In the previous subsection we have shown that the zeroth order approximation toy model
gives a fair description of all shower observables. However, there are two important caveats
with this toy model. Firstly, heavy flavor production should be enhanced in kinematic
regimes where quark masses may be insignificant. This implies that a more realistic
parametrization of Fs , which can accurately describe single particle collisions, should
depend on pseudorapidity. Secondly, the shape of the best-fit curve to Auger data is driven
by both strangeness enhancement and the rapid change in the nuclear composition [472].
Thus, nuclear effects [79] could play a conclusive role in bridging the gap between data
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and simulations, hinting that Fs should also have a variation with the nucleus baryon
number A. Along this line, a strong suppression of the production of neutral pions in pPb
collisions was reported by the LHCf Collaboration after comparing to the results of pp
scattering [474]. Uncertainties on the A dependence of Fs are still quite large, and so for
simplicity, we will neglect A-induced effects in our study. Future LHC data (including pO
and OO collisions [56]) will provide new insights to reduce these uncertainties and guide
software development.
The Lorentz transformation between the center-of-mass (CM) and laboratory (LAB)
systems is given by
ELAB = γ(ECM + β plong,CM ) ,

(6.12)

where γ is the Lorentz factor and β the velocity of the CM with respect to the LAB frame.
For ultrarelativistic particles, β ∼ 1 and plong,CM ∼ ECM cos θCM , where θCM is the angle of
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the secondary particle’s momentum with respect to the axis where the projectile of the
collision moves (i.e. direction of the beam). A straightforward substitution leads to
ELAB ∼ γ ECM (1 + cos θCM ) .

(6.13)

At first sight one may conjecture that the imposed lower limit on Esmin in our toy model
is inconsistent with the description of hadronic collisions as 0 < ELAB < 2γECM . To
inspect the forward-backward directions in the CM frame we conveniently work with the
pseudorapidity



ηCM



θCM
= − ln tan
2



.

(6.14)

The forward-backward symmetry of Eq. (6.13) is evident in the pion pseudorapidity
distributions shown in the upper row of Fig. 6.12 We note that the toy model approximation
Esmin = 1 TeV breaks this symmetry when going into the LAB frame; see the lower
row of Fig. 6.12. In particular, pions with ηCM < −4 are not considered for swapping
in the AIRES module described in Sec. 6.3.2. The relation between the CM and LAB
pseudorapidity is displayed in the scatter plots of Fig. 6.13. It is important to stressed that
the densities of dots in different places of these plots may not accurately represent the
actual number of secondaries that corresponds to each location within the (ηLAB , ELAB )
plane. This is due to the fact that to improve the graphics readability, only a small
fraction, non-uniformly sampled, of the total number of secondaries produced in the
collision has been represented. The sampling was performed trying to obtain a uniform
coverage of the entire range of CM pseudorapidities of the secondaries. To this end, the
−∞ < ηCM < ∞ axis is partitioned in consecutive intervals, with extremes at the points
−∞, −10, −7, −5, −4, −3, −2, 0, 2, 3, 4, 5, 7, 10, ∞, and then the entire set of secondary pions
emerging from the collisions is scanned sampling 100 cases for each one of those intervals.
For a realistic appreciation of the distribution of secondary particles, it is better see the
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bivariate distributions shown in Fig. 6.12.
As the shower develops in the atmosphere, the hadrons propagate through a medium
with an increasing density while the altitude decreases and the hadron-air cross subsection
rises slowly with energy. Thereby, the probability for interacting with the air molecules
before decay increases with rising energy. Furthermore, the relativistic time dilation
increases the decay length by a factor Eh /mh , where Eh and mh are the energy and mass
of the produced hadron. The π0 ’s, with a lifetime of ' 8.4 × 10−17 s, do decay promptly to
two photons, feeding the electromagnetic component of the shower. To see how neutral
kaons could suppressed this process, it is instructive to estimate the critical energy at
which the chances for interaction and decay are equal for other longer-lived mesons. For a
±

vertical transversal of the atmosphere, the critical energy is found to be: ξπ
c ∼ 115 GeV,
±

K0

K0

L
S
+
ξK
c ∼ 850 GeV, ξc ∼ 210 GeV, ξc ∼ 30 TeV [475]. The dominant K branching ratios

are to µ+ νµ (64%), to π+ π0 (21%), to π+ π+ π− (6%), and to π+ π0 π0 (2%), whereas those of
the K0S are to π+ π− (60%), to π0 π0 (30%), and for K0L we have π± e∓ νe (40%), π± µ∓ νµ (27%),
π0 π0 π0 (19%), π+ π− π0 (12%) [476]. Using these branching fractions, to a first approximation
we can estimate that in each generation of particles about 25% of the energy is transferred to
±

the electromagnetic shower, and all hadrons with energy & ξπ
c interact rather than decay,
continuing to produce the hadronic shower [450, 451]. Eventually, the electromagnetic
cascade dissipates around 90% of the primary particle’s energy and the remaining 10%
is carried by muons and neutrinos. Even though these numbers depend on the incident
zenith angle of the primary cosmic ray we note that very low energy kaons will decay
before interacting to feed the electromagnetic showers in similar way neutral pions do.
Therefore, the required symmetry with respect to the CM pseudorapidity seems to indicate
that there must be swapping of some pions which do not produce an overall effect on the
shower evolution. Taking these considerations into account, we are ready to amend the
AIRES module.
Before proceeding, we pause to note that we have verified that there is no significant
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difference in the scattering predictions by changing the hadronic interaction model. For
a direct comparison, in Appendix 6.3.7 we show the pion, kaon, and nucleon bivariate
distributions for the same particle collisions, but simulated with EPOS-LHC [33].
In what follows we refer to the measurements/tunes performed in the “central” and
“forward” regions, as defined with respect to the CM pseudorapidity of the particles. The
central pseudorapidity region is defined as |ηCM | 6 2.5, corresponding to the ATLAS [477],
CMS [478] and ALICE [479] acceptances, and the forward pseudorapidity region as
|ηCM | > 2.5. It is generally thought that the observed differences between data and
simulation originate, in most part, due to the model extrapolation from the central
pseudorapidity region, in which the hadronic event generators adopted in UHECR
shower simulations are mainly tuned. We therefore assume herein that the enhancement
of strangeness production is negligible for |ηCM | < 4 (more on this below). The free
parameters of the refined model are defined as follows:
Swapping probability Fs (ηCM ) – Controls the number of secondary pions that are affected
by change of identity. Fs depends on the centre of mass pseudorapidity of the
secondary particles, ηCM , and must verify 0 6 Fs 6 1. Unless otherwise specified, we
use




fs if −∞ < ηCM < −4







Fs (ηCM ) = 0 if −4 6 ηCM 6 4 ,







4 < ηCM < ∞
 fs if


(6.15)

with 0 6 fs 6 1.
Minimum projectile energy Epmin – Particle swapping is performed in hadronic collisions
whose projectile kinetic energy is larger than this energy. Epmin must be larger than
900 MeV. As in our toy model we take Epmin = 1 PeV.
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Minimum secondary energy Esmin – Secondary particles with kinetic energies below this
threshold are always left unchanged. Esmin must be larger than 600 MeV. To sample
the entire CM pseudorapidity region we take Esmin = 1 GeV.
The logics of the hadronic collision post-processing remains the same to that discussed in
Sec. 6.3.2.
In Fig. 6.14 we show z(Rµ ), z(σRµ ), z(Nmax ), and z(Xmax ) as a function of fs , for E = 10 EeV,
Esmin = 1 GeV, and Epmin = 1 PeV. We can see that there are no significant changes with
respect to the results shown in Fig. 6.8 for the toy model. It is remarkable that ∀fs we have
σRµ < Rµ , in agreement with Auger observations [468]. In addition, for the fluctuations of
Xmax (not shown in the figure) we reobtain that |z(σXmax )| < 0.03 for all fs ∈ [0, 1]. This
is because the secondaries emitted in the central pseudorapidity region have minimal
impact on the evolution of the shower. This is visible in Fig. 6.15 where we show z(Rµ ) as a
function of fs , but with varying limits of the periferic (pl) and central (cl) regions; namely,
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,

(6.17)

ηcl < ηCM < ∞

respectively. Moreover, the plots in Fig. 6.15 clearly show that setting ηpl = 3 or 4
return virtually the same results. For ηpl > 4, the impact of π → K swapping diminish
with increasing ηpl , as expected, until presenting a virtually zero impact for ηpl = 12.
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Table 6.2.: Global counters for the toy model with fs = 0.7, in the case of 1019 eV proton
showers inclined 67◦ .
Total hadronic collisions per shower
287,036 100.00 %
Collisions with Eproj < Epmin
284,374 99.06 %
Collisions with Eproj > Epmin
2,662
0.94 %
Total number of secs. produced
Secs. from colls. with Eproj < Epmin
Secs. from colls. with Eproj > Epmin
Total number of pions scanned
Pions considered for swapping
Pions actually swapped

7,315,106
7,036,530
278,576

100.00 %
96.19 %
3.81 %

142,550
56,610
39,609

1.95 %
0.77 %
0.54 %

Table 6.3.: Global counters for the refined model with fs = 0.7, in the case of 1019 eV proton
showers inclined 67◦ .
Total hadronic collisions per shower
264,600 100.00 %
Collisions with Eproj < Epmin
262,070 99.04 %
Collisions with Eproj > Epmin
2,530
0.96 %
Total number of secs. produced
Secs. from colls. with Eproj < Epmin
Secs. from colls. with Eproj > Epmin
Total number of pions scanned
Pions considered for swapping:
Central (|ηCM | < 4)
Peripheral (|ηCM | > 4)
Total (central + peripheral)
Pions actually swapped

6,806,244
6,544,194
262,050

100.00 %
96.15 %
3.85 %

134,060

1.97 %

99,790
34,270
134,060
23,988

1.47 %
0.50 %
1.97 %
0.35 %

Complementary, the curves displayed in the right panel show that the impact of π →
K swapping increases monotonically as long as the “central” region considered gets
progressively wider. For ηcl < 4, the central region provides a negligible contribution to
z(Rµ ).
In Fig. 6.16 we show hRµ i/(E/10 EeV) considering the variation of UHECR composition
shown in Fig. 6.10 and Fs (ηCM ) as defined in Eq. (6.15). As expected from the discussion
above, there is no significant differences with the results displayed in Fig. 6.10 for the toy
model of Sec. 6.3.2.
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Figure 6.14.: z(Rµ ), z(σRµ ), z(Nmax ) and z(Xmax ) as a function of fs , for Eprim = 10 EeV,
Esmin = 1 GeV, and Epmin = 1 PeV. We have run 8000 (20000) showers per point for
ground muons (longitudinal development), setting at each case the thinning algorithm
parameters to get a more detailed simulation of the hadronic or the electromagnetic
cascade, respectively.
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A few crosschecks on these considerations are in order. In Tables 6.2 and 6.3 we provide
a summary of the global counters of shower simulations using the toy model and the
refined model, respectively, with fs = 0.7. It is interesting to note that the percentage the
pions produced above Epmin remains the same and is slightly smaller than 2%. In addition,
the number of collisions and consequently the number of secondaries being produced,
decreases when considering the refined model. This is because in the toy model we
consider secondary neutral pions from the central region with LAB energy above 1 TeV, and
if these pions mutate into kaons they would most likely interact before decaying, yielding
more collisions in the overall shower and more secondaries. However, the percentage of
the number of pions considered for swapping increases in the refined model with a ratio
of 40% ÷ 96%. This is because by lowering the Esmin there are many more pions that can
be swapped (some of them with ηCM < 0). Looking at the final figures of pions actually
swapped, it shows up that the number of swapped pions with respect to the number of
scanned pions is more or less the same, and it is actually lower in the refined model; the
ratio is 28% ÷ 25%. The number of swapped pions when compared with the number
considered for swapping is roughly 70% in the toy model and reduces to 27% in the refined
model. Obviously, the ratio of swapped pions to the effective number of pions considered
for swapping (i.e., those with |ηCM | > 4) is fs = 0.7. Finally, the number of scanned pions
with respect to the total number of secondaries produced with Eproj > Epmin is roughly
51%. Note that the fraction of pions produced is larger than 51% , because in the collisions
with Eproj & Epmin there are several pions that have energy below the threshold.
6.3.4. Sensitivity to Fs with LHC Neutrino Experiments
During the next two decades, the LHC will lengthen the energy frontier into both higher
energies and much higher luminosities. Most general-purpose LHC detectors, such as
ATLAS, CMS, and ALICE are committed to high-pT physics, featuring events with small
cross subsection: 𝒪 (fb, pb, nb). However, the total cross subsection of LHC collisions is
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Figure 6.17.: Energy spectrum of neutrinos (left) and muon neutrinos (right) interacting with
FASERν. The vertical axis shows the number of charged current neutrino interactions per
energy bin for an integrated luminosity of 150 fb−1 by different colors: pion decays (red),
kaon decays (blue), hyperon decays (magenta), and charm decays (green). The different
line styles correspond to predictions obtained from SIBYLL-2.3d with secondary pions
processed using the refined model with Fs (ηCM ) as in Eq. (6.15), for different values of
fs .
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Figure 6.18.: Expected number of charged current neutrino interactions with the FLArE
detector at the FPF assuming an integrated luminosity of 3 ab−1 . See Fig. 6.17 for details.
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𝒪(100 mb). Curiously, most of this cross subsection as well as most of the highest energy
particles produced in these collisions are in the far forward region, viz. at low pT . This
implies that there is an entire physics program in the far forward region which remains to
be explored and can indeed be exploited during the LHC high luminosity (HL) era.
One challenge that far-forward detectors in or close to the LHC beam pipe have to face
are the large particle fluxes and radiation levels, essentially restricting their operation to
short low-luminosity runs. Another possibility is to make use of the large flux of LHC
neutrinos, which can be probed in low-background environments at a safe distance away
from the interaction point and accelerator infrastructure. Indeed, the LHC produces an
intense and strongly collimated beam of high energy neutrinos in the far-forward direction.
These neutrinos are mainly produced in the decay of charged pions, kaons, hyperons and
charmed hadrons, making the measurement of the neutrino flux a complimentary probe
of forward particle production compared to the neutral pion and neutron measurements
performed at LHCf.
The feasibility of such LHC neutrino measurements has recently been demonstrated by
the FASER collaboration, which reported the observation of the first neutrino interaction
candidates at the LHC [480]. Building on this experience, the FASERν neutrino detector [469,
470], which is part of the FASER experiment [481, 482], will start its operation already
with the LHC Run 3 in 2022. With a target mass of about 1.2 tons and an anticipated
luminosity of 150 fb−1 a total of 𝒪(104 ) muon neutrino and 𝒪(103 ) electron neutrino
interactions are expected to be observed. During the HL-LHC, additional far-forward
neutrino experiments have been proposed in the context of the FPF [471]. In particular,
this includes an emulsion based neutrino detector with target mass of about 20 tons called
FASERν2, a liquid argon based neutrino detector with target mass of about 10 tons called
FLArE and an electronic neutrino detector called AdvSND. With their higher target masses
and the HL-LHC luminosity of 3000 fb−1 a large event rate of roughly 105 electron neutrino
and 106 muon neutrino interactions are expected to be observed.
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Both FASERν in the near future and the FPF neutrino experiments during the HL-LHC
would provide a profitable arena to measure the pion-to-kaon ratio through the shape of
differential neutrino flux distributions. In particular, the pion-to-kaon ratio can be inferred
by measuring the ratio of electron-to-muon neutrino fluxes. This is because pions primarily
decay into muon neutrinos, whereas kaon decays yields a flux of both muon and electron
neutrinos. Moreover, neutrinos from different parent mesons populate a different energy
range, and so this can be used to disentangle the fluxes. In addition, since mπ < mK ,
neutrinos from pion decay are more concentrated around the line-of-sight than those
of kaon origin, and consequently neutrinos from pions obtain less additional transverse
momentum than those from kaon decays. Hence, the closeness of the neutrinos to the
line-of-sight, or equivalently their rapidity distribution, becomes a compelling signal to
trace back the neutrino origin to measure the pion-to-kaon ratio.
In Fig. 6.17, we show the expected number of neutrino interactions with the FASERν
detector, assuming a 25 cm × 25 cm cross subsectional area and a 1.2 ton target mass,
as a function of the neutrino energy. Here, we have used SIBYLL 2.3d [460] as primary
generator and use the fast LHC neutrino flux simulation introduced Ref [483] to describe
the propagation and decay the long-lived hadrons in the LHC beam pipe. The origin of
the neutrinos is indicated by the different line colors: red for pion decay, blue for kaon
decay, magenta for hyperon decay, and green for charm decay. As explained above, the
neutrinos from pions and kaons populate different regions of phase space, which can be
used to disentangle pion and kaon production. In Fig. 6.18, we also show the results for
the FLArE detector at the FPF, which is assumed to have a 1 m × 1 m cross subsectional
area and a 10 ton target mass.
In Fig. 6.17 and Fig. 6.18, we also show how a π ↔ K swapping as defined in Eq. (6.15)
changes the expected neutrino fluxes and event rates for the considered experiments. As
expected, positive values of fs lead to a suppression of the neutrino flux from pions as well
as a larger relative enhancement of the neutrino flux from kaons. This is due to the initially
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roughly 10 times larger flux of pions, such that even a small rate of π ↔ K swapping can
substantially increase the neutrino flux from the kaon decays. This leads to the remarkable
result that already for fs = 0.1 (fs = 0.2) the predicted electron neutrino flux at the peak of
the spectrum is a factor of 1.6 (2.2) larger. These differences are significantly larger than
the anticipated statistical uncertainties at the FPF [471, 483]. This let’s us conclude that
LHC neutrino flux measurements with new forward detectors at the LHC will provide
invaluable complementary information to test our model and its improvements, together
with eventual alternative ones, addressing the muon puzzle via strangeness enhancement.

6.3.5. Conclusions
We have examined the influence of π ↔ K swapping on the development of extensive
air showers. We constructed an empirical testable model, based on ALICE observations
of the enhancement of strangeness production in high-energy hadronic collisions, which
can accommodate the muon deficit between simulations and Auger data.1 We derived a
parametrization of the π ↔ K swapping probability in terms of the pseudorapidity and
the nucleus baryon number.
We have also explored potential strategies for model improvement using the massive
amounts of data to be collected at the FASERν and future LHC neutrino experiments at
the FPF. We have shown that these experiments will attain sensitivity to probe the model
phase space.
Within this decade, ongoing detector upgrades of existing facilities, such as AugerPrime [444] and IceCube-Gen2 [484], will enhance the precision of air shower measurements
and reduce uncertainties in the interpretation of muon data. In particular, as a part of the
upcoming AugerPrime upgrade each surface station will have additional detectors that will
provide complementary measurements of the incoming shower particles, consequently
leading to improved reconstruction of muons and electromagnetic particles [444]. This
1 One

possible realization of our phenomenological model may be obtained by considering collective
statistical hadronization effects into the standard string fragmentation process [80].
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Figure 6.19.: z(Rµ ) as a function of Eplim (a) and Eslim (b) for fixed fs = 0.5. (a) Varying
projectile energy range, with fixed secondary energy range. [Esmin , Esmax ] is always
kept fixed and equal to [1 TeV, ∞] (solid symbols) or [1 GeV, ∞] (open symbols). Each
blue circle (red square) in the figure corresponds to simulations run with [Epmin , Epmax ] =
[Eplim , ∞] ([Epmin , Epmax ] = [90 GeV, Eplim ]), 100 GeV 6 Eplim 6 10.05 EeV. (b) Fixed
projectile energy range, with varying secondary energy range. [Epmin , Epmax ] is
always kept fixed and equal to [1 PeV, ∞]. Each blue circle (red square) corresponds
to simulations run with [Esmin , Esmax ] = [Eslim , ∞] ([Esmin , Esmax ] = [1 GeV, Eslim ]),
1 GeV 6 Eslim 6 10 EeV.
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will allow for the measurement of the properties of extensive air showers initiated by the
highest energy cosmic rays with unprecedented precision. As we have shown in this paper,
future Auger measurements will be highly complemented by observations at the LHC
neutrino experiments which will provide a unique determination of the pion-to-kaon ratio
at LHC energies. Altogether this will provide a powerful test of models addressing the
muon puzzle via strangeness enhancement.

6.3.6. Appendix A: Limiting Projectile and Secondary Energies
In this Appendix we analyze the variation of z(Rµ ) with both projectile and secondary
energies for fixed fs . To this end we introduce the new variables Eplim and Eslim to limit the
maximum and minimum energies of the projectile Eproj and secondary Esec , respectively.
In Fig. 6.19 we show z(Rµ ) as a function of Eplim and Eslim , for fixed fs = 0.5. By analyzing
the variation of z(Rµ ) with Eplim and Eslim we conclude that:
• The impact of the substitution of π’s by K’s reaches a maximum when 0 < Epmin .
10 TeV.
• In (a), at Eplim ' 1019 eV, both the blue and red sets show pairs of points significantly
apart: they correspond to values of Eplim slightly smaller or larger than the primary
energy (1019 eV), that respectively prevents or not the application of the swapping
algorithm to the first hadronic interaction at the beginning of the shower development.
This reveals that the first interaction has, by itself, a finite impact of the final number
of muons at ground.
• There are no significant differences between the open and solid symbols plots included
in (a). This means that swapping of low energy pions (Esec lower than 1 TeV) has
no visible impact on z(Rµ ). This also shows up clearly in (b) where the blue points
remain around the maximum value for Eslim . 1 TeV.
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6.3.7. Appendix B: EPOS-LHC
In this Appendix we report on the results of simulated particle collisions with EPOSLHC [33]. In Fig. 6.20 we show bivariate distributions of secondary pions. From a
comparison with Fig. 6.12 we see that there are no major differences in the distributions,
but just a small deviation of the predicted multiplicity in the central region.
We have shown elsewhere [472] that the discrepancy between Auger data and air shower
simulations with SIBYLL 2.3d is slightly smaller than the discrepancy obtained from
simulations with EPOS-LHC 1909. For showers process with QGSJetII-04 hadronic event
generator [448], the discrepancy between data and simulations is even larger [67]. This
justifies the choice of SIBYLL 2.3d in our study.
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e x o t i c p a r ticles as cosmic rays

This chapter presents explorations on the application of cosmic ray experiments
to understand the detectability of more exotic systems. In particular, the absence
of cosmic rays beyond some energy threshold allows us to set constraints on
the properties of hypothetical super-heavy dark matter particles. On a different
note, we explore the observability of the so-called macros: macroscopically sized
nuggets composed of dark matter.
Published works
“Hunting for superheavy dark matter with the highest-energy cosmic rays”. In: Physical
Review D 99.10 (10 May 2019), p. 103016. doi: 10.1103/physrevd.99.103016.
“Prospects for macroscopic dark matter detection at space-based and suborbital experiments”. In: Europhysics Letters 135.5 (Sept. 2021), p. 51001. doi: 10 . 1209 / 0295 5075/ac115f.

7.1. Hunting for super-heavy dark matter with the highest-energy cosmic
rays
In 15 years of data taking the Pierre Auger Observatory has observed no events beyond
1011.3 GeV. This null result translates into an upper bound on the flux of ultrahigh-energy
cosmic rays implying J(> 1011.3 GeV) < 3.6×10−5 km−2 sr−1 yr−1 , at the 90%C.L. We interpret
this bound as a constraint on extreme-energy photons originating in the decay super-heavy
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dark matter (SHDM) particles clustered in the Galactic halo. Armed with this constraint we
derive the strongest lower limit on the lifetime of hadronically decaying SHDM particles
with masses in the range, 1014 . MX /GeV . 1016 . We also explore the capability of future
NASA’s POEMMA mission to search for SHDM signals.

7.1.1. Introduction
For the time being, a sovereign objective of the particle physics program is to ascertain the
connection between dark matter (DM) and the Standard Model (SM). Existing data constrain
the majority of DM to be non-baryonic, cold or warm, and stable or long-lived [485]. There
are many ways to accommodate these constraints and so feasible DM candidates with a
very large range of masses and interaction strengths have been proposed [486].
For many decades, the favored models characterized the DM as a relic density of weakly
interacting massive particles (WIMPs) [487–490].1 However, LHC experiments have run
extensive physics searches for WIMP signals which have returned only null results [495, 496].
In addition, a broad WIMP search program has been developed with direct and indirect
detection methods, which so far have given unsatisfactory answers [497–508]. Despite
the fact that a complete exploration of the WIMP parameter space remains the highest
priority of the DM community, there is now a strong motivation to explore alternatives to
the WIMP paradigm.
Among the well-motivated ideas for what DM could be, the WIMPzilla hypothesis
postulates that DM is made of gravitationally produced (non-thermal relic) superweaklyinteracting supermassive X-particles [509–517]. As a matter of fact, the gravitational
production of superheavy dark matter (SHDM) at the end of inflation may be taken as the
only experimentally verified DM production mechanism, because the observed cosmic
microwave background (CMB) fluctuations have precisely the same origin. At the end
of inflation a fraction of fluctuations are not stretched beyond the horizon but remain as
1 For

a precise calculation of the WIMP relic abundance, see [491, 492]; partial wave unitarity dictates an
upper bound on the WIMP mass 6 110 TeV [493, 494].
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X-particles because the inflation slows down. The weakness of the gravitational interaction
naturally explains the tiny initial abundance of WIMPzillas. Indeed, for such an abundance
to be cosmologically relevant today, the X-particles must be supermassive.
On an entirely separate though somewhat related note, the surprising absence of any
signals of new physics at the LHC experiments [518] seems to indicate that nature does
not too much care about our notion of naturalness. Indeed the required fine-tuning of
SM fundamental parameters to accommodate the 15 orders of magnitude between the
electroweak and the Planck scales may soon become a reality. Of course, the only reason
one may try to incorporate such a shocking idea is that the existence of life may actually be
contingent on this wicked conspiracy [519]. Namely, the weak and QCD scales come about
just very close to one another, so that a plethora of atoms can exist to exchange energy over
extremely long timescales, assembling the building blocks for life and durable habitats
where it can thrive [520–523].2 An additional, though not so severe, anthropic argument
applies to the abundance of DM, which cannot be too much larger or smaller than what is
observed [526–529]. This is because DM plays a critical role in structure formation. Note
that since DM is only subject to the force of gravity, the gravitational Jeans instability which
allows compact structures to form is not opposed by any force, such as radiation pressure.
As a result, DM begins to collapse into a complex network of DM halos well before baryonic
matter, which is impeded by pressure forces. Without DM, the epoch of galaxy formation
would occur substantially later in the universe than is observed, and consequently the
galaxies needed for our existence would not have formed in time. However, it is only the
DM abundance and not any other details of the dark sector which is critical for life to exist.
Therefore, it is quite reasonable to expect that the DM sector would not be as fine tune as
the visible SM sector. In other words, even if we are prepared to advocate the anthropic
argument to accommodate the unnaturalness of the weak scale, we would expect the DM
2 Investigations

in String Theory have applied a statistical approach to the enormous “landscape” of vacua
present in the theory [521]. Remarkably, these huge number of metastable vacua, 𝒪(10500 ), can also
accommodate the more severe fine-tuning required to characterize the SM with a small cosmological
constant [524, 525].

235

7. exotic particles as cosmic rays
particle spectrum to be as natural as possible, i.e. near the Planck scale that is the natural
ultraviolet cutoff scale. For the most part, the WIMPzilla could then be a natural DM
candidate and perhaps as well-motivated as the WIMP paradigm.
Furthermore, precision CMB measurements enable a direct experimental test of the
WIMPzilla hypothesis. This is because the production of SHDM during inflation gives
rise to isocurvature perturbations that become sources of gravitational potential energy
contributing to the tensor power spectrum of the CMB [530]. This implies a detectable
primordial tensor-to-scalar ratio r in the CMB power spectrum. The combined (Planck
satellite [531] together with BICEP2 and the Keck array [532]) 95% C.L. upper bound,
r < 0.07, already constrains the X-particle mass to be MX . 1017 GeV in the limit
of instantaneous reheating [533]. For slightly less efficient reheating, this upper limit
strengthens to MX . 1016 GeV.
Note also that while the WIMPzilla must be stable over cosmological timescales, instanton
decays induced by operators involving both the hidden sector and the SM sector may give
rise to observable signals in the spectrum of ultrahigh-energy cosmic rays (UHECRs) [534,
535]. More concretely, the spectrum from WIMPzilla decay is expected to be dominated by
photons and neutrinos because of a more effective production of pions than nucleons in the
QCD cascades. Since the photons would not be attenuated owing to their proximity, they
become the prime signal because it is easier to detect photons than neutrinos. In this article
we use the most recent UHECR data to derive the strongest lower limit on the lifetime of
hadronically decaying WIMPzillas. We also investigate the prospects for next generation
UHECR experiments to search for SHDM signals.

7.1.2. New limit on the lifetime of SHDM
The Pierre Auger Observatory has collected an exposure ℰ = 67, 000 km2 sr yr without
observation of any events with energy E0 > 1011.3 GeV [243]. This null result sets a generic
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Figure 7.1.: DM halo mass profiles. The upper horizontal axis shows the variation of the
angle between the line of sight and the axis defined by Earth and the Galactic center.
upper limit on the integrated flux of UHECRs; namely,

∫∞
J(> E0 ) =

J(E) dE < 2.44/ℰ < 3.6 × 10−5 km−2 sr−1 yr−1 ,

(7.1)

E0

at the 90% C.L.; the limit is a factor of 1.266 less restrictive at the 95% C.L. [536]. When
interpreted as a bound on extreme-energy photons and compared with existing bounds [537,
538], this limit is more restrictive by about an order of magnitude, but at a slighter higher
energy. Consequently, the all-particle limit of (7.1) could provide a better weapon to
constrain WIMPzilla decay.
To estimate the photon flux from WIMPzilla decay we need to evaluate two separate
contributions: the astrophysical factor and the particle physics factor.
• The astrophysical factor is determined by the distribution of DM particles in the
Galaxy. The DM density of X-particles is a function of the distance r from the Galactic
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Center and is usually described by a smooth profile function

ρDM (r) =

ρs
,
[1 − β + (r/rs )α ] (1 + r/rs )3−α

(7.2)

where ρs and rs are respectively the scale density and scale radius. The traditional
benchmark choice, motivated by N-body simulations, is the Navarro-Frenk-White
(NFW) profile, in which α = 1, β = 1, and rs = 24.42 kpc [539]. The latest numerical
simulations, however, seem to favor the Einasto profile,

(
ρDM (r) = ρs exp −

2
0.17

"

r
rs

#)

 0.17
−1

,

(7.3)

which does not converge to a power law at the Galactic Center and becomes more
chubby than NFW at kpc scales, and where rs = 28.44 kpc [540, 541]. On the other
hand, the cored profile put forward by Burkert, for which β = 0, α = 2, and rs = 12.67,
is motivated by observations of galactic rotation curves [542]. Profiles steeper than
the NFW have also been considered, e.g. the one by Moore and collaborators taking
α = 1.16, β = 1, and rs = 30.28 kpc [543]. Herein, we take ρX = ρDM and normalize
to the local (solar) DM density, ρX (r ) = ρDM = 0.3 GeV/cm3 , where r = 8.33 kpc
is the distance between the Earth and the Galactic Center [335]. This leads to
ρs /(GeV cm−3 ) = 0.184, 0.033, 0.712, 0.105 for the profiles proposed by NFW, Einasto,
Burket, Moore; respectively [544]. A comparison of these profiles is given in Fig. 7.1.
The ensuing discussion will be framed in the context of NFW, and we will comment
on the other profiles after presenting our results.
• The particle physics factor is built-in the fragmentation function of the SM particles
produced by the X-decay. There is a general agreement among the various computational schemes (relying on either analytic approximations [545] or else Monte Carlo
simulations [546–549]) proposed to describe the secondary spectra of SM particles
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Figure 7.2.: Spectra of photons, protons, and neutrinos (ν + ν̄) from X particle decay as a
function of the dimensionless variable x. We have taken MX = 1016 GeV.
produced via X-decay. Herein, we obtain the final state stable particle spectra by
solving the DGLAP equations numerically [422, 423, 425, 550]. As an illustration,
in Fig. 7.2 we show the resulting photon, proton, and neutrino (ν + ν̄) spectra from
X → qq̄ decay. From the observational perspective, the salient features of the final
state particles (photons, nucleons, and neutrinos) can be summarized as follows:
(i) the spectrum is flat (dN/dE ∝ E−1.9 ) and independent of the particle type, (ii) the
photon/nucleon ratio is 2 . γ/N . 3 and the neutrino/nucleon ratio is 3 . ν/N . 4;
both of these ratios being quite independent of the energy.
The expected energy distribution on Earth follows the initial decay spectrum, whereas
the angular distribution incorporates the (uncertain) distribution of dark matter in the
Galactic halo via the line-of-sight integral [551–554]. The photon flux observed on Earth
can be written as
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Figure 7.3.: Lower limit on the lifetime of SHDM particles together with the stereoscopic
τX sensitivity (defined by the observation of one photon event above 1011.3 GeV in 5 yr
of data collection) of POEMMA. The previous limit on τX derived in [556] is also shown
for comparison.
where θ is the angle between the line of sight and the axis defined by Earth and the Galactic
center [555]. Here, τX is the WIMPzilla lifetime and RH = 260 kpc is the radius of the
Galactic halo.
Following [556], we normalize the flux integrating over the whole sky (0 < θ < π) and
averaging over the directional exposure at the declination of the Auger Observatory [557].
For MX = 1.7 × 1016 GeV and τX = 8.3 × 1021 yr, the integral flux of photons at the location
of the Auger Observatory is J(> E0 ) = 1.6 × 10−4 km−2 yr−1 sr−1 [558]. This is a factor of
1.75 times smaller than the integral flux of photons derived in [559] for the same value of
MX and τX , using α = 3/2, β = 1, and rs = 45 Mpc as obtained in [560]. Now, we compare
the integral flux with the upper limit derived in (7.1) to constrain the τX − MX parameter
space. Our results are encapsulated in Fig. 7.3. The growth of the final state stable particle
spectra with decreasing x determines the functional form of the constraint on τX . For
masses in the range, 1014 . MX /GeV . 1016 , the lower limit (95%C.L.) on the lifetime
of SHDM particles derived in this work, is a factor & 2 more restrictive than previous
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bounds [556]; see also [561–563]. For MX . 1014 GeV, constraints on the diffuse photon
flux below E0 [537, 538] provide the most restrictive bound on τX [564]. A point worth
noting at this juncture is that the limit on τX is completely independent of the X-production
mechanism, and consequently it applies to all SHDM models, e.g. [533, 565].
There are a few caveats to our calculation. On the one hand, it is important to emphasize
that the limit derived in Fig. 7.3 is calculated under the assumption that the photon-tobaryon relative exposure of the Auger surface detector array is equal to one. This overly
simplified assumption may overestimate the actual photon exposure [566, 567]. We defer a
detailed description of the photon directional exposure to the Auger Collaboration. On
the other hand, it is important to note that the contribution from the nucleon flux to
the all-particle intensity would tend to compensate any possible reduction in the photon
exposure. Indeed, we can derive a lower limit on τX using only the nucleon flux expected
from the X-decay. A rough estimate of such a limit can be obtained through a re-scaling of
the results shown in Fig. 7.3 by the γ/N ratio. An additional compensation can be picked
up by using also the Telescope Array (TA) observations. TA has accumulated an exposure
∼ 8, 300 km2 sr yr without observation of events above 1011.3 GeV [568]. After removing
the band of declination common to both experiments this becomes a ∼ 10% effect.

7.1.3. POEMMA discovery reach
In line with our stated plan, we now estimate the sensitivity of next generation UHECR
experiments to detect signals of WIMPzillas. At present, the most advanced concept
in pursuit of this objective is the Probe of Extreme Multi-Messenger Astrophysics (POEMMA) [261]. POEMMA will comprise two satellites flying in loose formation at 525
km altitudes, with stereoscopic UHECR observation mode and monocular Earth-limb
viewing mode. In stereo fluorescence mode, the two detectors view a common immense
atmospheric volume corresponding to approximately 1013 tons of atmosphere. The stereo
mode yields roughly an order of magnitude increase in yearly UHECR exposure compared
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to that obtainable by ground observatory arrays and two orders of magnitude compared to
ground fluorescence observations. In the limb-viewing mode, POEMMA reaches nearly
1010 gigatons. The stereoscopic sensitivity of POEMMA to probe the lifetime of SHDM is
shown in Fig. 7.3. Detection of a extreme-energy photon would be momentous discovery.
If this were the case, POEMMA could be switched into limb-mode to rapidly increase
statistics.
It is also noteworthy that cosmic-ray showers initiated by extreme energy photons
develop, on average, deeper in the atmosphere than air showers of the same primary
energy initiated by protons [26]. This is portrayed through the observable Xmax , which
describes the atmospheric column depth at which the longitudinal development of a
cosmic-ray shower reaches maximum. Of particular interest here, for energies E & E0 , the
average Xmax of photon and proton showers differs by more than 100 g/cm2 [569]. Ergo,
while the expected monocular performance of POEMMA to identify the UHECR primary
(∆Xmax ∼ 100 g/cm2 ) is not as accurate as that for the stereo mode (∆Xmax . 30 g/cm2 ), it
is still sufficient to characterize the γ/N ratio.
We now comment on the impact of the adopted DM profile in our calculations. Because
we are averaging over the entire field of view of the experiments, the selection of the DM
profile carries only a very small effect. This is visible in Fig. 7.1 where we show that the
differences between the DM halo profiles are evident for angles θ . 10◦ . Indeed, the
deviation from our results when considering the Burkert profile rather than the canonical
NFW is about 10%. Because the Galactic center is well within the field of view of Auger
the limit on τX is slightly relaxed when considering the Burket profile. One the other hand,
the POEMMA sensitivity that averages over the orbital period is increased.

7.1.4. Conclusions
Thus far the various ongoing efforts to produce or detect WIMPs have not given us any
promising clues, and moreover, as of today there have been no definitive hints for beyond
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SM physics at any accessible energy scale. This rather unexpected situation has motivated
a new approach to understand the particle nature of DM. If the universe is fine-tuned
then the natural mass range for the dark sector would be the Planck scale. Such SHDM
can arise from String Theory or other high-energy phenomena, and the observed DM
abundance can be successfully produced during the inflationary epoch. We have studied
the constraints on SHDM models given by recent UHECR observations. For masses in the
range 1014 . MX /GeV . 1016 , we derived the strongest (95% C.L.) limit on the lifetime of
hadronically decaying SHDM particles. We also explored the prospects for WIMPzilla
discovery with future observations of UHECRs. We end with an observation: in 5 yr of
data collection POEMMA (in the limb-viewing mode) will have the potential to accumulate
an unprecedented exposure (∼ 106 km2 sr yr) and become the ultimate WIMPzilla hunter.

7.2. Prospects for macroscopic dark matter detection at space-based and
suborbital experiments
We compare two different formalisms for modeling the energy deposition of macroscopically
sized/massive quark nuggets (a.k.a. macros) in the Earth’s atmosphere. We show that for
a reference mass of 1 g, there is a discrepancy in the macro luminosity of about 14 orders
of magnitude between the predictions of the two formalisms. Armed with our finding we
estimate the sensitivity for macro detection at space-based (Mini-EUSO and POEMMA)
and suborbital (EUSO-SPB2) experiments.

7.2.1. Introduction
The conventional textbook dark matter (DM) particle species is assumed to interact with
Standard Model (SM) fields only gravitationally [486]. Actually, the cross section of the
canonical weakly-interacting massive particle (WIMP) [490] to scatter from baryons is
non-zero though small enough to be considered effectively zero for mass scales above a
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solar mass [570]. Yet, since the WIMP parameter space keeps shrinking due to null results at
the LHC [495, 496, 518] and unsatisfactory answers from the WIMP search program using
direct and indirect detection methods [497, 571], the case for alternative (and especially SM)
candidates featuring stronger DM-baryon interactions has grown stronger, and attracted
increasing attention.
Macroscopic DM is a general class of models with DM in a compact and composite
state with a large radius and mass. Nuclearites and its dark quark nuggets cousins
provide two compelling examples. Nuclearites are macroscopically sized nuggets of
strange quark matter which could have been produced during the QCD phase transition in
the early universe [572–575]. If this were the case then DM would have nuclear density,
ρs ∼ 3.6 × 1014 g/cm3 [576]. However, this constraint may be relaxed for the case of
dark nuclearites as the dark quark nugget’s energy density may span several orders of
magnitude depending on the confinement scale and the magnitude of the dark baryon
asymmetry [577]. Herein we refer to all such macroscopic DM candidates generically as
macros [578], and following [579], we let the macro’s energy density to vary in a generous
range 106 < ρm /(g/cm3 ) < 1015 .
Elastic scattering allows macros and baryons to exchange momentum. The process has
two undetermined parameters: the mass of the macro M and the interaction cross section
σ, generally taken to be the geometric cross-sectional area of the macro. Before proceeding,
we pause to note that there remains a large range of the M − σ parameter space which is
still unprobed by experiment.
If a macro were to traverse through the Earth’s atmosphere its energy deposition would
excite the nitrogen molecules of air producing observable signals at fluorescence detectors.
In this Letter we reexamine the methodology for estimating the sensitivity for macro
detection at space-based and suborbital experiments. More concretely, we compare one
approach for estimating the macro luminosity originally developed in the eighties [574]
to a more recent examination of the problem [579]. We adopt three projects of the Joint
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Experiment Missions for Extreme Universe Space Observatory (JEM-EUSO) as reference in
our discussion:
• the Mini-EUSO detector, currently taking data on board the International Space
Station [580];
• the second generation Super-Pressure Balloon long duration flight (EUSO-SPB2),
which has been approved by NASA to be launched in 2022 [581];
• the future POEMMA mission [582].

7.2.2. Energy deposit of macros in the atmosphere
Like meteoroids, macros are susceptible to rapid heat loss upon entering the Earth’s
atmosphere as a result of elastic collisions with the air molecules. Actually, it is at lower
altitudes where the macro encounters the exponentially increasing atmospheric density
and undergoes rapid heating along its path, which expands and radiates. The power
dissipation rate of macros going through the atmosphere is given by
dE
∼ ρatm σ v3 ,
dt

(7.5)

where ρatm is the atmospheric density and v ∼ 250 km/s is the characteristic velocity of the
Sun’s galactic rotation [574]. To describe the atmospheric density variation we adopt an
isothermal atmosphere,

 z

ρatm = ρatm,0 exp −

z∗

,

(7.6)

where ρatm,0 = 10−3 g/cm3 and z∗ = 8 km [26]. Now, the power dissipated to useful light is
given by
L = ηρatm σv3 ,

(7.7)
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where η is the luminous efficiency.
In the model of [574] it is assumed that the expanding hot cylinder emits black-body
radiation, and its luminous efficiency is estimated to be

−5



η1 ∼ 2 × 10

w
18

 3/2

z
ρwater
∼ 0.04 exp ∗ ,
ρatm
z

(7.8)

where w ∼ 29 is the average molecular weight of air molecules and ρwater is the water
density. Substituting (7.8) into (7.7), the macro luminosity (for model 1) can be recast as



M
L1 ≈ 15
g

 2/3

x−2/3 W,

(7.9)

or, as written in [574] assuming x = 1,

−3



L1 ≈ 1.5 × 10

M
µg

 2/3

W,

(7.10)

where
−10

σ = 2.4 × 10



M
g

 2/3

x−2/3 cm2 ,

(7.11)

with x ≡ ρm /ρs .
An alternative approach to describe the interactions of macros in the atmosphere, which
includes a precise determination of the probability for transitions in a nitrogen plasma
to produce a photon in the 350 to 400 nm detection range, has been recently developed
in [579]. Within this model the luminous efficiency is given by

5

η2 = 2 × 10

 σ 2 
cm2

v
250 km/s

4 h

z i 4
exp −
.
10 km



(7.12)

We note that the exponential comes from the height dependence of several functions on
the atmospheric density, which are modelled as in (7.6), but with z∗ = 10 km. To remain
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Table 7.1.: Macro luminosity parameters.
model 1
model 2
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2
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Figure 7.4.: Values of m1 (left) and m2 (right) as a function of y and z for POEMMA.
consistent with the isothermal atmospheric model adopted for our calculations we write
(7.12) as

−14
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M
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 4/3

−4/3
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(7.13)

With this in mind, the macro luminosity for model 2 is given by

−12

L2 ≈ 4.32 × 10



M
g

2

−2

x



5z
exp − ∗
z


W.

(7.14)

By comparing (7.10) and (7.14) it is straightforward to see that for a reference mass of 1 g,
x = 1, and z = z∗ there is a discrepancy of about 14 orders of magnitude between the predictions of
the two models.
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Figure 7.5.: Values of m1 (left) and m2 (right) as a function of y and z for EUSO-SPB2.
The apparent magnitude of an object at a distance d and with luminosity L is defined as
5
L
m = − log
,
2
4πd2 `0

(7.15)

where `0 ≈ 2.52 × 10−8 W m−2 [583]. For convenience, we rewrite (7.15) as

m = 5 log

d 5
L
− log
,
d∗ 2
4πd2∗ `0

(7.16)

where d∗ is any reference distance. The luminosity can be rewritten as


Li = L̃i

M
g

 αi

x−αi fi (z),

(7.17)

with parameters given in Table 7.1. Substituting (7.17) into (7.16) we obtain





5
L̃i
5αi
M1
d 5
mi = − log
log
+
5
log
− log fi (z) .
−
2
2
g x
d∗ 2
4πd2∗ `0

(7.18)

Following [574], we choose a scale d∗ = 10 km and a vertical observation altitude h ≈ z + d,
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yielding

m1 = 0.811 −

M
h−z
5
5
log
+ 5 log
+ log x,
3
g
10 km 3

(7.19a)

and

m2 = 32.16 − 5 log

M
h−z
25 z 1
+ 5 log
+ 5 log x +
.
g
10 km
2 z∗ ln 10

(7.19b)

For the purpose of comparison with [574], after setting x = 1, (7.19a) can be recast as

m1 = 10.811 −

5
M
d
log
+ 5 log
.
3
µg
10 km

(7.20)

Setting h = 33 km it is straightforward to see by comparing (7.19a) and (7.19b) that for
our fiducial values (M = 1 g, x = 1, z = z∗ ) the 14 orders of magnitude discrepancy in
luminosity translate into a macro apparent magnitude difference ∆m = 36.8.

7.2.3. Experimental observability of macros
Mini-EUSO has demonstrated the capability to detect meteors [580]. Indeed Mini-EUSO
(at an orbit of 400 km) is sensitive to meteors of apparent magnitude m = 6, whereas
POEMMA (at an orbit of 525 km) will be able to detect meteors of m = 10. These estimates
do not include effects due to potential atmospheric absorption, which will be discussed
elsewhere. Macros travel much faster than meteors (which being bound to the solar system
travel at less than 72 km/s relative to the Earth) allowing for clean discrimination among
the atmospheric signals. Moreover, clear differences in the meteor/macro light profiles
have been observed in numerical simulations [584].
In order to study the observational sensitivity of JEM-EUSO instruments to M and x
under both models we define the parameter y ≡ M/(x g). In Fig. 7.4, we show constant
apparent magnitude contours in the (y, z) plane, considering the observation altitude of
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Figure 7.6.: Regions of the (x, M) parameter space for macros at altitudes from zero to
20 km which produce an apparent magnitude of m = 6 (left) and m = 10 (right). The
regions below the lines produce larger magnitudes, so they are harder to observe than
those above them. The dashed lines show the strength stability constraint β  1.
POEMMA spacecraft. For comparison, in Fig. 7.5 we show same contours for EUSO-SPB2,
which will fly at an altitude of about 33 km. There is no appreciable difference between
the contours for Mini-EUSO and POEMMA, but of course they are sensitive to different
apparent magnitudes. An apparent magnitude m = 10 corresponds to values y ≈ 0.37
for the first model, and y ≈ 5 × 105 for the second at z ≈ z∗ . Substituting this result into
(7.19b) we can explore the sensitivity of Mini-EUSO and POEMMA scanning the (M, x)
parameter space. The results of this exploration are encapsulated in Fig. 7.6 where we show
the corresponding values in the (x, M) parameter space, for both models, in a generous
range z ∈ [0 km, 20 km].
The requirement of macro stability as it traverses the atmosphere sets an additional
constraint on the cross section, as Eb M/mb  ρatm σv2 l, where l is the length traveled by
the macro through the atmosphere, mb the baryon mass, and the macro binding energy
is Eb ∼ 10 eV[ρm /(g/cm3 )]3/7 [585]. Substituting σ and ρatm from (7.6) and (7.11) this
translates into a condition β  1, where
ρatm v2 σl
M
β≡
≈ 9 × 10−13
g
Eb M/mb



 −1/3

x−23/21

250

l
,
km

(7.21)
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and where we have considered the upper bound on the density, ρatm = ρatm,0 to be
conservative. The lines with constant β/l, which allow to determine the excluded areas for
multiple lengths, are shown in Fig. 7.6. An upper bound for l may be set by assuming a
trajectory tangent to the Earth’s surface that starts and ends at a height z over the surface. In
√
such case, (R⊕ + z)2 = R2⊕ + (l/2)2 , which yields l ≈ 8R⊕ z, with a value of a few hundreds
depending on the chosen z. A very conservative overestimate, for z ∼ 20 km, is l ∼ 1000 km.
All in all, we can conclude that:
• Mini-EUSO is sensitive to macros of x ∼ 1.3 × 10−8 for M & 1 g, and macros of x ∼ 1
for M & 8.1 × 107 g;
• the future POEMMA mission will be sensitive to macros of x ∼ 6.1 × 10−8 for M & 1 g,
and macros of x ∼ 1 for M & 1.6 × 107 g.
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Part II

Cosmology: Tensions & Conjectures
Cosmology consists on the study of the Universe, from the largest to
smaller scales. I relies on solutions to General Relativity coupled to
Standard Model matter and radiation fields, as well as yet unknown
entities such as Dark Energy and Dark matter. In this part, I present
my work in attempting to address two issues: (i) the tension between
measurements obtained from the local and the early Universes within the
standard cosmological model, and (ii) the ability of current observations
to give us insights on which low energy approximations to quantum
gravity are good candidates for a full quantum theory of gravity at
arbitrarily high energies.
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8

i n t r o d u c t ion

In this chapter, we present a far from exhaustive review of modern cosmology.
Instead, we address the major points cosmology is based around nowadays, without offering a strong historical background. I start with the cosmological principle
of homogeneity and isotropy, develop the mathematical framework to describe it,
and assess what are the main contributions that drive the evolution of the Universe
staying always in touch with observational evidence, that is, highlighting the
impact of different cosmological effects on experimentally accessible observables
such as the cosmic microwave background or the distance-redshift relation for
several astrophysical objects.

8.1. The homogeneous and isotropic Universe
Cosmology is the study of global solutions to Einstein’s equations

G = 8πGT,

(8.1)

based around the cosmological principle that at large enough spatial scales the Universe is
homogeneous and isotropic. Solutions to (8.1) can be proposed iteratively.
At zero-th order, one assumes the aforementioned cosmological principle, which gives
rise to the Friedmann-Lemaître-Robertson-Walker (FLRW) metric [586–589]. This model
reduces the number of degrees of freedom to describe the spacetime metric tensor to two:
the scale factor a, which dictates the cosmological expansion or contraction through its
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changes through time;1 and the spatial curvature K, which dictates the global geometry of
space at a fixed time. The line element for a FLRW cosmology is





ds2 = dt2 − a(t)2 dr2 + fK (r)2 d2 Ω. ,

(8.2)

where fK is a function depending on the curvature of the space metric. The stress-energy
tensor on the r.h.s. of (8.1) must have the same symmetries of the Einstein tensor on the l.h.s.
It is often modeled as a sum of perfect fluids, T =

Í

µν
k Tk , where [Tk ]

= diag(ρk , pk , pk , pk ).

The specification of each of the different species is given by an equation of state, that is, a
relation between the density and pressure like ρk = fk (pk ).
Einstein’s equations applied to the FLRW metric tensor and the perfect fluid stress-energy
tensor produce the so-called Friedman’s equations:
a¤ 2
K 8πG Õ
=
−
+
ρi ,
3
a2
a2
i

(8.3a)

8πG Õ
a¥
=−
(ρi + 3pi ).
a
3

(8.3b)

i

It is common to define the Hubble parameter H = a/a
¤ as a function of a, which provides
the relative expansion rate of space as a function of the scale factor. Moreover, it is
customary to normalize values of the scale factor such that today a = 1. We will restrict
ourselves from now, for the purpose of conciseness and supported by the observational
evidence of it, to a spatially flat universe, with K = 0, in which case fK (r) = r. With all this,
we can rewrite (8.3a) as
H2 (a) = H20

Õ

Ωk (a),

(8.4)

k

1 Note

that the scale factor is unobservable. Only its ratios at different times are.
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where

Ωk (a) =

ρk (a)
,
ρc

(8.5)

and ρc = 3H20 /8πG.
Building the stress-energy tensor requires a knowledge of the contents of the Universe.
The presence of matter and radiation is modeled with via equations of state p = ωρ, where
ω = 0 for non-relativistic matter, and ω = 1/3 for ultrarelativistic matter. The thermal
history of the Universe dictates the relativistic character of particle species. As the thermal
velocities of initially hot species go down, they move from the ultra- to the non-relativistic
regime. This dichotomy should produce a good enough description of the standard model
sector within the Universe, provided that the transitions between both regimes occur fast
enough for every species.
Starting from the recent, cold universe, we can consider the ultra-relativistic sector to
be comprised of photons only (although neutrinos also play a role), while the rest of the
SM can be accounted for as non-relativistic matter. This suggests a stress-energy tensor
T = Tr + Tm , where pm = 0 (for matter) and pr = ρ/3 (for radiation). The covariant
conservation of the stress energy tensor provides the evolution equations for the energy
densities. Their effect on the scale factor can be obtained from Friedmann’s equations as
2

H (a) =

H20



Ωm,0 Ωr,0
+ 4
a3
a


(8.6)

where Ωk,0 = Ωk (a = 1) are the so-called density parameters, and measure the ratio of the
energy density of a given species to the total energy density of the Universe (for the K = 0
case).
A simple approach to testing this model would be to measure the movement of distant
astrophysical objects by mean of their redshifts. Gathering a data sample with known
redshifts and distances, we can probe the expansion rate (obtained from the redshift) as
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it evolves with time. We explore below the notion of distance, which is not trivial in a
cosmological setting.

8.2. Luminosity distance
In order to measure the distance to a light-emitting astrophysical object, one has to consider
that the apparent luminosity does not follow a simple inverse-square law, as in a noncosmological settings, due to the multiple effects the expansion of the Universe has on light
propagation.
Photons emitted by a source are redshifted by a factor of 1/a (in wavelength), and are
received at a rate also decreased by a factor of 1/a. Therefore, the luminosity L (energy per
unit time) is decreased by a factor of a−2 . The apparent luminosity is ` = L/A, where A is
the area of a spherical surface around the source and with a radius given by the coordinate

∫

distance between source and Earth (r). From the FLRW, the area is r2 d2 Ω = 4πr2 at the
time of measurement (a = 1). All in all, the apparent luminosity is

`=

L
,
4πr2 a−2

(8.7)

which suggests the definition of a luminosity distance that respects the inverse-square law
as dL = r/a. This relation hides the a-dependence of r, which is obtained for null geodesics
as dt = −adr (for radially incoming trajectories). We can recall that H = a/a
¤ to write

dr = −

da
a2 H

(8.8)

and then
1
dL (a) =
a

∫r
0

1
dr =
a
0

∫1
a

da0
,
a02 H(a0)

(8.9)
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which may also be expressed in terms of the redshift:

∫1
dL (z) = (1 + z)
(1+z)−1

da0
.
a02 H(a0)

(8.10)

It is of particular interest to use (8.10) to observe that at z ≈ 0 an expansion of dL gives

dL =

H−1
0





1
z + (1 + q0 )z2 + . . . ,
2

(8.11)

where H0 is the value of the Hubble parameter today, called the Hubble constant, and q0 is
the acceleration parameter,2 given by

q0 =

1
H20

a¥ 0 .

(8.12)

A positive value of q0 would mean that the Universe is currently accelerating.
It is common in astronomy to measure magnitudes instead of luminosities. The apparent
magnitude (m) is related to the absolute one (M) and the luminosity distance as
dL = 101+(m−M)/5 pc.

(8.13)

This allows to write

m(z) = M + 5 log

d(z)
.
10 pc

(8.14)

8.3. Constraining FLRW cosmology with Supernovae Ia
A useful local dataset to confront this model is the Pantheon Sample [590], consisting of
a combination of 1048 type Ia supernova (z, m) measurements with redshifts below 2.3.
A simple maximum likelihood estimation using (8.11) and (8.14) produces an estimate
2 Usually

defined as the deceleration parameter and appearing with a negative sign in (8.11).
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q̂0 = 0.15026 ± 0.024, leaving the decelerating, q0 6 0 region excluded beyond the 5σ
confidence level. This is evidence that the Universe is expanding in an accelerated manner.
Going back to (8.3b), we can see that for a single particle species,
ρ + 3p
= −q0 ,
ρc

(8.15)

which means that, for the Universe to accelerate at any time, ρ + 3p should be negative. In
other words, an accelerated expansion implies that p < −ρ/3, or that (if p = ωρ) ω < −1/3.
Contributions to the stress-energy tensor satisfying such constraint are called dark energy.
The accelerated expansion of the universe was discovered in a similar manner [591].
A possible explanation for dark energy is the so-called cosmological constant, which
would enter Einstein’s equations as a constant term in either side. Such contribution would
modify Friedmann equation as
2

H (a) =

H20





Ωm,0 Ωr,0
+ 4 + ΩΛ ,
a3
a

(8.16)

where ΩΛ is the (constant) energy density parameter associated to the cosmological
constant. Doing a similar maximum likelihood estimation, ΩΛ shows to be the major
contribution to today’s energy density:

ΩΛ = 0.72 ± 0.01 (68% C.L.).

(8.17)

In order to fully constrain the model, we must also obtain a value for the Hubble constant.
To do so using a supernova dataset, we need an understanding of their absolute magnitude.
Looking at the functional dependence of m on M and dL , and that of dL on H0 , we can
see that m(z) ∼ M − 5 log H0 + . . . . Then, the dependence on M and H0 is degenerate,
as they appear in that equation in a similar way; no analysis can distinguish between an
increase in M and one in 5 log H0 . In order to measure H0 , we need to rely on additional
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estimations of M. This allows to introduce the cosmic distance ladder, a series of distance
measurement methods that relate the magnitude of astrophysical objects to other of their
properties, that can be measured unambiguously. These methods, for which the authors of
[592] offer a concise but exhaustive review, break the degeneracy between the supernova
and the cosmology modeling. Although different methods produce different results, the
overall predictions from supernova Ia data give a value of the Hubble constant of about
H0 ≈ 73 km s−1 Mpc−1 , with uncertainties of about 2%.

8.4. Thermal relics from the early Universe
The description of the contents of the Universe as fluids, within the context of a FLRW,
naturally brings in the idea of temperature. Knowing that the Universe is expanding in an
accelerated way, we can extrapolate to a point in the past in which thermal energies were
larger than the binding energy of electrons to nuclei. At that time, free electrons would
have kept photons in thermal equilibrium with matter, which wouldn’t happen easily in a
neutral, less dense environment. The last point at which electrons and photons were in
equilibrium is known as the last scattering epoch. After such time, photons would travel
freely in an expanding Universe, decreasing in density both by the cosmological redshift
and the direct expansion of space.
An ultrarelativistic boson gas, as that of photons, can be described using the black-body
spectrum, where the number of photons with energy in the interval [E, E + dE] is
E2
dn
1
= 2
.
dE π (hc)3 exp (E/kT ) − 1

(8.18)

In an expanding Universe, this distribution holds, but the temperature decreases in such a
way that a · T remains constant. Therefore, after enough expansion occurs, a cold photon
radiation should permeate the Universe.
The relics of this radiation were first observed by Penzias and Wilson [593] in 1965,
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although their observation was only at a single wavelength and couldn’t establish its thermal
origin. Nevertheless, it corresponded to a temperature of about 3.5 K. Although during
the following decades additional measurements were performed at different wavelengths,
the first full characterization of the current spectrum of this thermal photon background,
now called cosmic microwave background (CMB), was performed by the space satellites
RELIKT-1 [594] and COBE [595], during the late 1980s and early 1990s. Their success in
understanding the CMB thermal distribution prompted follow up missions WMAP [596]
in the 2010s and, later, Planck [597].
Throughout these missions, the CMB has been measured across all directions of sky,
showing a high degree of isotropy (beyond the CMB dipole, result of the movement of
the solar system with respect to the frame in which the CMB is isotropic). The average
temperature of the CMB is 2.72548 ± 0.00057 K [305]. The anisotropic deviations from the
average value of the CMB temperature will be treated in §8.6.

8.5. Inflation
The nearly perfect isotropy of the CMB across the sky strongly suggests that parts of the
Universe that are nowadays separated must have been in thermal contact at the moment
when it was emitted. In order for two points on the sky separated by an angular distance δ
to have been in contact at the time of last scattering, the physical distance corresponding to
the angle δ at that time should be small enough that the transfer of energy across such
distances could have been efficient. Such distance is given by the acoustic horizon at last
scattering which, today, subtends an angle of few degrees on the sky [583]. Therefore,
the past thermal equilibrium of the observable Universe is in tension with the expansion
history of a Universe solely dictated by a model containing only matter, radiation and dark
energy. If expansion occurred faster than it can be explained in such model, the acoustic
horizon could grow to angular sizes about as large as 180◦ in today’s sky, providing a
mechanism that connects the thermal equilibrium in the early Universe to the isotropy
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observed in the CMB.
A possible solution to this issue is a modification of the content of the stress-energy
tensor. If additional fields are added such that expansion occurs much faster, one can
alleviate the tension, since regions separated a distance within the acoustic horizon in the
early Universe could then expand much more and occupy larger regions of today’s sky.
Although it has other virtues, one of the strengths of inflationary models is the solution
of this conundrum. Inflationary models pose the existence of a period of accelerated
expansion in the very early Universe, often by means of scalar fields.
A standard way of modeling inflation is to add a single scalar field φ to the stress-energy
tensor, for which evolution is determined by a potential V(φ). Its energy density and
pressure are
1 ¤2
+ V(φ),
ρ= φ
2

(8.19a)

1 ¤2
p= φ
− V(φ).
2

(8.19b)

As mentioned before, if ρ + 3p < 0, this would produce an accelerated expansion. The
equation of motion for the scalar field is obtained from the conservation of the stress-energy
tensor as
¥ + 3Hφ
¤ + V 0(φ) = 0.
φ

(8.20)

Inflation is not guaranteed to produce enough acceleration to solve the issue mentioned
above. For that to happen, one usually imposes the need for an almost exponential
expansion, that is, with a¤ ∝ a. That imposes a constraint on H, which should be practically
¤ = −4πGφ
¤ 2 for scalar field
constant. Through Friedmann’s equations, which yield H
¤ has to be small. This paradigm is called, for
inflation, this translates into a condition that φ
that reason, slow-roll inflation, as the field must roll down the potential slowly in order to
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have a prolonged inflationary period.

8.6. The inhomogeneous universe
Although it was also visible with previous experiments, the CMB measurements from
the Planck Collaboration exhibit deviations from isotropy in the temperature map. These
deviations, far from being explained by experimental uncertainties due to noise, reflect the
concentration of hotter and colder spots at the time of last scattering. Moreover, effects on
those photons during their propagation from the last scattering epoch to today is affected
by the distribution of matter along the way.
These anisotropies reveal the inadequacy of the isotropic and homogeneous FLRW
model to fully describe high precision observational data. To deal with this, one can use
perturbation theory in general relativity, which consists in adding small deviations to the
FLRW metric tensor, as well as density and pressure perturbations to the stress-energy
tensor.
A full calculation of the evolution of the Universe at first order in perturbation theory,
including all species in the stress-energy tensor, as well as the particle physics associated
to them, and the corresponding thermodynamics, requires software-aided computations
in order to predict what the CMB would look like. These computer models allow to
study how sensitive the CMB is to changes in cosmological parameters such as H0 , ΩΛ ,
inflation-related parameters or those corresponding to any other new physics effect one
may want to implement.
The observational characterization of the CMB is the so-called power spectrum. A CMB
map shows granular anisotropies of multiple angular sizes. The power spectrum measures
the relative abundance of differently-sized anisotropies. The different physical processes
that may occur during the cosmic evolution have different impacts on the size of these
anisotropies, depending on wether they affect small, intermediate or large scale structures.
Even though a CMB experiment is probing the early Universe, many effects occur during
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photon propagation. For that reason, the reconstruction of a CMB map is sensitive not
only to the last scattering epoch and what happened before, but to the evolution of the
Universe until today.
As mentioned before, one of these effects is the CMB dipole, produced by the distortion
ot an isotropic spectrum because of the average velocity of the observer. Another distortion
is caused by the interaction between CMB photons with electron clouds, known as the
Sunyaev-Zel’dovich [598] effect. Finally, the distribution of gravitational inhomogeneities
on the way of the photons to Earth produces blue- and red-shifting, making the CMB
temperature map distorted as a function of the matter density after the the CMB photons
were emitted.
The intrinsic effects on the CMB temperature anisotropies, besides the temperature
fluctuations present in radiation and matter at the time of last scattering, are caused by
the blue- and red-shifting due to (i) the intrinsic velocity distribution of different parts of
the plasma, and (ii) differences on the gravitational field caused differences in the energy
density (Sachs-Wolfe effect).
To understand the extent to which all these effects contribute to shaping the CMB, the
temperature field across the sky is written as T (n) = hT i + ∆T (n), where hT i is the average
temperature and n is a unit vector indicating a direction in the sky. The temperature
anisotropy is written in terms of spherical harmonics as

∆T (n) =

Õ

al,m Ylm (n).

(8.21)

l,m

A way to quantify the size of hot and cold spots on the sky is via correlations of temperature
along two directions of the sky. The correlation would be higher if the directions are close,
and lower if they are far. The anisotropy correlations are given by hT (n)T (n0)i. Without
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much details, the properties of the spherical harmonics allow to rewrite this as [583]
hT (n)T (n0)i =

Õ 2l + 1
l

4π

Cl Pl (n · n0),

(8.22)

where Pl are the Legendre polynomials, and Cl are free, real and positive parameters that
fully characterize the CMB. This relation can be inverted using the properties of Legendre
polynomials to give the values of the Cl coefficients for a given CMB map measurement.
Software implementations like CAMB [599] and CLASS [600] provide the tools to obtain
the Cl given a specification of the cosmological model. Those tools, in the same way as
those described in the first part of this thesis to use in cosmic ray physics, allow to compare
models to experiments via differences between predicted and observed Cl values.
Among the many parameters of the standard cosmological model and any of its extensions
is the Hubble constant, which was introduced before. The latest measurements using only
CMB data produce a result of [601] of H0 = (67.36 ± 0.54) km s−1 Mpc−1 . This measurement,
which is influenced by the early Universe, last scattering epoch, and all the propagation
effects mentioned above, is in tension with measurements from the local Universe only,
such as those obtained from supernovae Ia and any cosmic distance ladder calibration.
This disagreement, which has been characterized to great depth in [592], is persistent
upon multiple re-analyses and datasets. This conundrum, which has driven the field of
cosmology over the past few years, is called the Hubble tension, and is one of multiple
tensions that the standard cosmological model exhibits when confronted with local and
early Universe observations.
A final comment regards the relation between inflationary models and the anisotropies
in the CMB. The cosmological models solve differential equations that require initial
conditions for the perturbations. These initial perturbations are often understood to have
originated as the quantum fluctuations of the fields present during the inflationary epoch.
Therefore, the behavior of the fields during inflation can also leave a measurable imprint
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on the CMB. Although the details are omitted here (more details can be seen in §10.1 or
standard textbooks like [583]) within the slow-roll inflation paradigm one can relate the
spectral index of scalar perturbations (nS ) and the ratio of tensor-to-scalar perturbation
amplitudes (r) to the inflation potential as
nS = 1 − 4 + 2η + O(, η)2 ,

(8.23a)

r = 16 + O(, η)2 ,

(8.23b)

where  and η are the slow roll parameters
M2 V 0
,
 = Pl
2
V
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(8.24a)
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(8.24b)

The experimental observability of nS and r, which are related to the Cl coefficients, allows
to set constraints on the inflation potentials.

8.7. Beyond the standard cosmological model
Within the framework of this thesis, we study several additions to the standard cosmological
model. It is now clear that despite its great success in explaining the anisotropies in the
CMB, the standard cosmology and particle physics models together are not enough to fully
account for observations. In this thesis, we study several phenomenological models that
extend the standard model, and explore their cosmological implications, as well as their
place within the plethora of theories that could, upon completion, provide a successful
account of quantum gravity.
Besides the dark energy problem explained above, another inadequacy of the standard
cosmological model is the lack of a bottom-up explanation for dark matter, which is the
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contribution to the matter density of the Universe that is very weakly to not interacting with
the standard model particles. Although modified theories of gravity have been proposed
and tested [602], it is often understood that dark matter is an effect that stems from the
abundance of some particle species outside the standard model that interacts with the
standard model sector very weakly. In §11.1 we explore a version of dark matter in which
multiple unstable dark matter species decay into a dark radiation field, modifying the
evolution of the Universe. We explore whether such model can address the H0 tension
explained above.
On a different line of thought, we study the potential cosmological implications of
the Salam-Sezgin model [603], a supergravity theory in six dimensions. Within that
framework, a phenomenological model obtained after the compactification of the sixdimensional spacetime to a four-dimensional one includes additional fields. Those fields
are described by a lagrangian, which allows to obtain the corresponding stress-energy
tensor to implement in the solution to Einstein’s equations. We explore the implications of
the Salam-Sezgin model in §9.1 and §9.2.
This model is of larger interest due to its relation to string theory. Specifically, the SalamSezgin model can be obtained as a string theory [604], which highlights the relevance of the
model as a potential candidate for a quantum gravity theory. Nevertheless, it is nothing
else than a phenomenological model, which may be understood as a low energy effective
theory for a full quantum gravity.
Over the last two decades, the quantum gravity community has explored what kind of
constraints low energy limits of a quantum gravity theory should satisfy. One could think
that an effective theory, valid below some cut-off energy scale Λ, may be completed above
such cutoff, all the way up to the scales at which a full quantum gravity theory is needed.
Nevertheless, not every low energy theory is a candidate for such completion. Theories
must remain consistent at all energies for that to be true.
Although it is hard to explore what conditions those effective theories should satisfy
266

8. introduction
to remain consistent at high energies, efforts in that direction constitute the so-called
Swampland program [605, 606]. This program us centered around the proposal of
conjectures that may be good candidates as low energy constraints. These conjectures may
be informed by the exploration of current quantum gravity efforts, such as string theory.
Beyond the theoretical analysis of the conjectures within a quantum gravity theory, it is
also possible to directly apply them to theories that can be thought of as the low energy
limit of a full quantum gravity. In particular, for a given effective theory with an associated
lagrangian, one can explore its cosmological consequences on observable quantities. The
applications of the Swampland conjectures to such model would then allow to explore to
what extent they are in agreement with cosmological observations. We proceed in this
direction, as mentioned above, for the Salam-Sezgin model. Besides that, we study specific
inflationary models under the Swampland program in §10.1.
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H 0 t e n s i o n with salam-sezgin
t h r o u g h t he swampland

In this chapter, we explore the cosmological implications of the Salam-Sezgin sixdimensional supergravity model after its compactification to a four-dimensional
space. Such process gives rise to the presence of two coupled scalar fields. This
is on par with the distance conjecture of Swampland program, by which the
evolution of a rolling scalar field would produce a family of fields with masses
related to such field. Here, we consider those fields as potential accounts of the
dark energy and dark matter in our Universe, and explore the ability of such
model to alleviate the Hubble constant tension.
Published works
“H0 tension and the string swampland”. In: Physical Review D 101.8 (Apr. 2020). doi:
10.1103/physrevd.101.083532.
“Dark energy, Ricci-nonflat spaces, and the swampland”. In: Physics Letters B 816 (May
2021), p. 136199. doi: 10.1016/j.physletb.2021.136199.

9.1. H0 tension and the Swampland program
We realize the Agrawal-Obied-Vafa (AOV) swampland proposal of fading dark matter by
the model of Salam-Sezgin and its string realization of Cvetič-Gibbons-Pope. The model
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describes a compactification of 6-dimensional supergravity with a monopole background
on a 2-sphere. In 4 dimensions, there are 2 scalar fields, X and Y, and the effective potential
in the Einstein frame is an exponential with respect to Y times a quadratic polynomial in
the field e−X . When making the volume of the 2-sphere large, namely for large values of
Y, there appears a tower of states, which according to the infinite distance swampland
conjecture becomes exponentially massless. If the standard model fields are confined on
Neveu-Schwarz 5-branes the 6-dimensional gauge couplings are independent of the string
dilaton in the string frame, and upon compactification to 4 dimensions the 4-dimensional
gauge couplings depend on X (rather than the dilaton Y) which is fixed at the minimum
of the potential. This avoids direct couplings of the dilaton to matter suppressing extra
forces competing with gravity. We show that this set up has the salient features of the AOV
models, and ergo can potentially ameliorate the tension between local distance ladder and
cosmic microwave background estimates of the Hubble constant H0 . Indeed, the tower of
string states that emerges from the rolling of Y constitutes a portion of the dark matter, and
the way in which the X particle and its Kaluza-Klein excitations evolve over time (refer
to as fading dark matter) is responsible for reducing the H0 tension. Although the AOV
proposal does not fully resolve the tension in H0 measurements, it provides a dynamical
dark energy model of cosmology that satisfies the de Sitter swampland conjecture. We
comment on a viable solution to overcome the tension between low- and high-redshift
observations within the AOV background and discuss the implications for the swampland
program.

9.1.1. Introduction
Over the past decade or so, and through many experiments, it has become indisputable
that cosmological observations favor an effective de-Sitter (dS) constant H that nearly
saturates the upper bound given by the present-day value of the Hubble constant, H0 .
The ΛCDM model, in which the expansion of the universe today is dominated by the
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cosmological constant Λ and cold dark matter (CDM), is the simplest model that provides
a reasonably good account of all the data. However, various discrepancies have persisted.
In particular, with the increase in precision of recent cosmological datasets, measurements
of H0 provided by high- and low-redshift observations started to be in tension [607].
In the front row, separate determinations of H0 at low-redshift, including those from
Cepheids and Type-Ia supernovae (SNe), point to H0 = 74.03 ± 1.42 km s−1 Mpc−1 [608–
613]. Far from it, when the sound horizon is calibrated using data from Baryon Acoustic
Oscillations (BAO) and the all-sky map from the temperature fluctuations on the cosmic
microwave background (CMB), the inferred value of the Hubble constant within ΛCDM
is H0 = 67.4 ± 0.5 km s−1 Mpc−1 [601, 614–616]. The discrepancy with the latest SH0ES
estimate of H0 = 74.03 ± 1.42 km s−1 Mpc−1 [613] is significant at 4.4σ level [613, 616],
and systematic effects do not seem to be responsible for this inconsistency [617–621]; see
however [622].
Among the many possible explanations of the H0 tension, those connecting this discrepancy to the swampland program stand out. The objective of this program is to extract a
set of relatively simple quantitative requirements for low-energy effective field theories
that admit a UV completion to a consistent theory of quantum gravity [605]. By now,
various swampland conjectures have been proposed [623–638]; for reviews see [639, 640].
Of particular interest here is the distance swampland conjecture that can be expressed by
the following statement: If a scalar field, coupled to gravity with reduced Planck mass
MPl = (8πG)−1/2 , transverses a trans-Planckian range in the moduli space, a tower of string
states becomes light exponentially with increasing distance [624, 625, 632, 641–643]. The
exponentially large number of massless string states saturate the covariant entropy bound in
an accelerating universe [644, 645], and force the scalar field to satisfy the so-called de Sitter
swampland conjecture [632]: The gradient of the potential V of a canonically normalized
scalar field in a consistent gravity theory must satisfy either the bound, MPl |∇V | > c V or
must satisfy M2Pl min(∇i ∇j V) 6 −c0V, where c and c0 are positive order-one numbers [628,
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632]. Note that the constraint above precludes dS vacua where ∇V = 0, and therefore rules
out ΛCDM, even when c  1 [646].
Studies of dynamical dark energy models that alleviate the H0 tension have been carried
out independently of the validity of the swampland conjectures [647, 648]. One interesting
type of models in this category deals with the scalar field playing the role of early dark
energy, viz. the field could behave like a cosmological constant at early times (redshifts
z & 3000) and then dilute away like radiation or faster at later times [649–652]. If this
were the case, the sound horizon at decoupling would be reduced resulting in a larger H0
value inferred from BAO and CMB data. However, the CMB-preferred value of σ8 (the
rms density fluctuations within a top-hat radius of 8h−1
Mpc, with h0 the dimensionless
0
Hubble constant) increases in early dark energy models as compared to ΛCDM, increasing
the tension with large-scale structure (LSS) data. More concretely, it is the combination
S8 = σ8 (Ωm /0.3)0.5 that is constrained by LSS data, where Ωm is the matter density. The
Planck Collaboration reported S8 = 0.830±0.013 [601] whereas local measurements find the
smaller values; namely, SSZ
= σ8 (Ωm /0.27)0.3 = 0.78 ± 0.01 from Sunyaev-Zeldovich cluster
8
counts [653], S8 = 0.773+0.026
from DES [654] and S8 = 0.745 ± 0.039 from KiDS-450 [655]
−0.020
weak-lensing-surveys. The physical origin for the increase of σ8 in early dark energy
models is fairly straightforward, because the new dark-energy-like component acts to
slightly suppress the growth of perturbations during the period in which it contributes
non-negligibly to the cosmic energy density. Henceforth, if we want to preserve the fit to
the CMB data we must increase the CDM component to compensate for the suppression in
the efficiency of perturbation growth [656].
A second type of interesting models emerges if dark energy and dark matter interact
with each other [657–666]. The identification of the infinite tower of string states (following
the swampland distance conjecture) as inhabiting the dark sector automatically provides a
string framework for a concomitant coupling of the scalar field to the dark matter [667,
668]. Within this framework there is a continually reduction of the dark matter mass as the
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scalar field rolls in the recent cosmological epoch. Such a reduction of the dark matter mass
is actually compensated by a bigger value of dark energy density, which becomes visible
in the present accelerating epoch calling for an increase of H0 . In this paper we present a
well motivated realization of the cosmological string framework put forward by Agrawal,
Obied, and Vafa (AOV) [667]. A point worth noting at this juncture is that the AOV models
do not fully resolve the tension in H0 measurements, as they can raise the ΛCDM predicted
value of the Hubble constant only up to H0 = 69.06+0.66
km s−1 Mpc−1 [667]. Indeed, this
−0.73
maximum value of H0 is characteristic of all models with late dark energy modification
of the ΛCDM expansion history. This is because the local distance ladder calibrates SNe
far into the Hubble flow and if dark matter fading takes place too recently then it would
raise H0 but without actually changing the part of the Hubble diagram where the tension
is inferred. More concretely, by substituting the SH0ES calibration to the Pantheon SNe
dataset, the ability of late times dark energy transitions to reduce the Hubble tension
drops effectively to H0 = 69.17 ± 1.09 km s−1 Mpc−1 [669]. However, the AOV proposal
provides a novel cosmological set up that improves the fit to data compared to ΛCDM,
while satisfying the dS swampland conjecture. Moreover, the smaller content of CDM at
late times in AOV models as compared to ΛCDM yield a slight decrease of S8 , which can
help reduce somewhat the tension between the CMB and LSS datasets.
Our starting point is Salam-Sezgin 6-dimensional supergravity (SUGRA) model, where
a supersymmetric solution of the form Minkowski4 × S2 is known to exist, with a U(1)
monopole serving as background in the two-sphere [603]. This model can be lifted
to string (and M) theory [604] and is asymptotic at large distances to the near-horizon
limit of NS5-branes described by the linear dilaton background which is an exact string
solution [670]. Moreover, the cosmological content of this supergravity model provides a
solution of the field equations that can accommodate both the observed dark energy density
and a fraction of CDM [671]. (Time dependence in the moduli fields vitiates invariance
under supersymmetry transformations.) The carrier of the acceleration in the present dS
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epoch is a quintessence field slowly rolling down its exponential potential. Intrinsic to
this model is a second modulus, which is automatically stabilized and acts as a source
of CDM, with a mass proportional to an exponential function of the quintessence field.
The exponential functional form of the mass spectrum characterizes the infinite tower of
mass states (inherent to the swampland distance conjecture), which emerges when the
quintessence field moves a distance in field space & 𝒪(1) in Planck units.
In the proposed cosmological framework, the standard model (SM) fields are confined
to a probe brane and arise from quantum fluctuations. On the other hand, by computing
the quantum fluctuations of the U(1) field associated to the background configuration
it is easily seen that the Kalb-Ramond field generates a mass term of horizon size [671].
These “paraphotons” (denoted herein by 𝛶) have been redshifting down since the quantum
gravity era without being subject to reheating. The presence of any additional relativistic
particle species with g degrees of freedom is usually characterized by

∆Neff ≡ Neff − NSM
=g
eff



10.75
g∗ (Tdec )

 4/3



 4/7

×

 1/2


boson

,

(9.1)

fermion

where Neff quantifies the total relativistic “dark” energy density (including the three
left-handed SM neutrinos) in units of the density of a single Weyl neutrino species [672] and
NSM
= 3.046 [673], and where Tdec is the temperature at which particle species decouple
eff
from the primordial plasma and the function g∗ (Tdec ) is the number of effective degrees of
freedom (defined as the number of independent states with an additional factor of 7/8 for
fermions) of the SM particle content at the temperature Tdec . Comparing the 106.75 degrees
of freedom of the SM with the 10.75 degrees of freedom of the primordial plasma before
neutrino decoupling it is straightforward to see that for a massless (real) spin-0 scalar,
spin- 12 (Weyl) fermion, and massive spin-1 vector boson the contributions to Neff asymptote
to specific values of ∆Neff = 0.027, 0.047, and 0.080; respectively [674].1 Hence, fluctuations
1 Asymptote

here refers to relativistic species decoupling just before top quark freeze-out.
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in the Kalb-Ramond field do not influence the primordial abundances of the nuclides
produced at big-bang nucleosynthesis (BBN) as the 𝛶’s only count for ∆Neff . 0.080 and
the 95% CL limit from a combination of current CMB, BAO, and BBN observations is
∆Neff < 0.214 [601].2
The layout of the paper is as follows. In Sec. 9.1.2 we briefly describe the geometrical properties of unified dS-Friedmann models when embedded into Salam-Sezgin
6-dimensional supergravity. In Sec. 9.1.3 we interpret numerical results from data analysis
that feature estimates for each free parameter in the model. We show that the Salam-Sezgin
cosmological set up has the salient features of the generic Agrawal-Obied-Vafa model,
and ergo can potentially ameliorate the tension between local distance ladder and cosmic
microwave background estimates of H0 . In Sec. 9.1.4 we comment on a viable solution
to overcome the tension between low- and high-redshift observations within the AOV
background. The paper wraps up with discussion and conclusions presented in Sec. 9.1.5.
Before proceeding, we note that other ideas relating cosmological observations to the
swampland conjectures have been presented in [681–697].

9.1.2. Embedding of dS-Friedmann model into Salam-Sezgin SUGRA
Concentrating on the purely bosonic field content of Salam-Sezgin 6-dimensional SUGRA,
we can express the bulk action of the system by
1
S⊃ 2
4κ

∫

i
√ h
κ2
2g2
d6 x g6 R6 − κ2 (∂M σ)2 − κ2 eκσ F2MN − 2 e−κσ − e2κσ G2MNP ,
3
κ

(9.2)

where g6 = det gMN , R6 is the Ricci scalar of gMN , σ is a scalar field, FMN = ∂[M AN] ,
GMNP = ∂[M BNP] + κA[M FNP] , AN is a gauge field, BNP is the Kalb-Ramond field, g is
the U(1) coupling constant, κ the gravitational coupling constant, and capital Latin indices
2 This

limit combines the helium measurements of [675, 676] with the latest deuterium abundance
measurements of [677] using the the PArthENoPE code [678] considering d(p, γ)3 He reaction rates
from [679]. Should one instead use the helium abundance measurement of [680] in place of [675, 676], the
95% CL limit on the equivalent neutrino species shifts, Neff = 3.37 ± 0.22, and is in 2.9σ tension with the
SM value.
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run from 0 to 5 [603]. With redefinition of constants G6 ≡ 2κ2 and ξ ≡ 4 g2 , and rescaling
of φ ≡ −κσ the action (9.2) takes the form
1
S⊃
2G6

∫

i
√ h
ξ φ G6 −φ 2
G6 −2φ 2
e −
e FMN −
e
GMNP ,
d6 x g6 R6 − (∂M φ)2 −
G6
2
6

(9.3)

where the length dimensions of the fields are: [G6 ] = L4 , [ξ] = L2 , [φ] = [g2MN ] = 1,
[A2M ] = L−4 , and [F2MN ] = [G2MNP ] = L−6 .
Note that by rescaling the 6-dimensional metric as gMN → e−φ gMN , one finds the
action at the string frame where φ-dependence enters as an overall exponential factor e−2φ .
φ is then identified with the string dilaton, defining the string coupling eφ and having a
tree-level potential corresponding to a non-critical string with the parameter ξ determined
by the central charge deficit. The latter is induced by the compactification of the four
internal dimensions on a manifold with non-vanishing curvature. Its sign implies that
the internal curvature is negative, such as the non-compact H(2,2) × S1 space considered
in [604] to compactify from 10 to 6 dimensions. Its compact analytic continuation is S3 × S1 ,
which has an exact (super)-conformal field theory description, since S3 corresponds to an
SU(2)k Wess-Zumino-Witten model with curvature fixed by the level k. The total internal
6-dimensional space of our model is then H(2,2) × S1 × S2 , with the monopole field on S2 .
The exponential dilaton potential does not allow for static solutions. One solution is the
linear dilaton background along a space direction which has an exact string description in
terms of a free coordinate with background charge. It corresponds to the near horizon
limit of NS5-branes which is holographic dual to a little string theory [698]. In our case
of interest, ξ is positive and the solution becomes linear dilaton in the time coordinate
with flat metric in the string frame (σ-model) [670]. In the Einstein frame, the scale factor
of the metric in FRW coordinates grows linearly with time while the dilaton dependence
becomes logarithmic. This exact time dependent ‘vacuum’ solution is the only asymptotic
at large times, even in the presence of matter, as we will see later.
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We can now carry out a spontaneous compactification from six to four dimensions,
considering the 6-dimensional manifold M of the base spacetime to be a direct product of
4 Minkowski directions (hereafter denoted by M4 ) and the 2-sphere, ℝ1,3 × S2 . The line
element on M locally is given by
ds26 = ds4 (t, x
®)2 + e2f(t,x® ) r2c (dϑ2 + sin2 ϑdϕ2 ) ,

(9.4)

where (t, x
®) denotes a local coordinate system in M4 , rc is the compactification radius, and
f is the breathing mode of the compact space. We assume that the scalar field φ depends
only on the point of M4 , i.e., φ = φ(t, x
®). We further assume that the gauge field AM is
excited on S2 and is of the form

Aϑ = 0

and Aϕ = b cos ϑ ;

(9.5)

this is the monopole configuration detailed in [603]. For the purpose of this work, we
will set the Kalb-Ramond field to its zero background value, BNP = 0, and since the term
A[M FNP] vanishes on S2 , we have GMNP = 0. The field strength becomes
F2MN = 2b2 e−4f /r4c .

(9.6)

Taking the variation of the gauge field AM in (9.3) we obtain the Maxwell equation

∂M

h√ √

g4 gσ e

2f−φ MN

F

i

= 0.

(9.7)

It is straightforward to verify that the field strength in (9.6) satisfies (9.7).
Without loss of generality, the Ricci scalar can be written as
R6 ≡ R[M] = R[M4 ] + e−2f R[S2 ] − 4f − 6(∂µ f)2 ,
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where R[M], R[M4 ], and R[S2 ] = 2/r2c denote respectively the Ricci scalars of the manifolds
M, M4 and S2 , with Greek indices running from 0 to 3 [699]. To simplify the notation
hereafter R4 and R2 indicate R[M4 ] and R[S2 ], respectively. The determinant of the
√
√ √
metric can be written as g6 = e2f g4 g2 , where g4 = det gµν and g2 = r4c sin2 ϑ is the
determinant of the metric of S2 excluding the factor e2f . We define the gravitational
constant in the four dimension as
M2
1
1
≡ Pl =
G4
2
2 G6

∫

√

g2 (dϑ ∧ dϕ) =

2πr2c
.
G6

(9.9)

Thus and so, by using the field configuration given in (9.5) the action in (9.3) can be recast
as

∫


√ n 
1
d4 x g4 e2f R4 + e−2f R2 + 2(∂µ f)2 − (∂µ φ)2 −
S⊃
G4
ξ 2f+φ G6 b2 −2f−φ G6 2f−φ 2 o
e
− 4 e
e
Fµν , (9.10)
−
G6
2
rc
where we included the last term that does vanish identically to show what is the 4dimensional coupling of gauge fields that come from 6 dimensions in the Neveu-Schwarz
(NS) sector. In the spirit of [646], we now consider a rescaling of the metric of M4 such that
p
√
ĝµν ≡ e2f gµν and therefore ĝ4 = e4f g4 . The preceding metric transformation brings
the model into the Einstein frame, in which the action given in (9.10) can be rewritten as

1
S⊃
G4

∫

p

h

d4 x ĝ4 R[ĝ4 ] − 4(∂µ f)2 − (∂µ φ)2 −
ξ −2f+φ G6 b2 −6f−φ
G6 2f−φ 2 i
e
− 4 e
+ e−4f R2 −
e
Fµν , (9.11)
G6
2
rc

and we can use ĝ4 in this frame to define a metric which we use to measure distances in
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the field space. The effective Lagrangian density in 4 dimensions takes the form
√ h
i
g
R − 4(∂µ f)2 − (∂µ φ)2 − V(f, φ) ,
ℒ⊃
G4

(9.12)

with

V(f, φ) ≡

ξ −2f+φ G6 b2 −6f−φ
e
+ 4 e
− e−4f R2 ,
G6
rc

(9.13)

where to simplify the notation we have defined: g ≡ ĝ4 and R ≡ R[ĝ4 ].
√
√
Next, we define a new orthogonal basis, X ≡ (φ + 2f)/ G4 and Y ≡ (φ − 2f)/ G4 , so that
the kinetic energy terms in the Lagrangian are both canonical, i.e.,

ℒ⊃

√





1
R
1
g
− (∂X)2 − (∂Y)2 − Ṽ(X, Y) ,
G4 2
2

(9.14)

where the potential Ṽ(X, Y) ≡ V(f, φ)/G4 can be re-written (after some elementary algebra)
as [700]

Ṽ(X, Y) =

e

√
G4 Y

G4



G6 b2
r4c

√

e−2

G4 X

− R2 e

√
− G4 X

ξ
+
G6



.

(9.15)

Note that Y corresponds to the 4-dimensional dilaton. The equations of motion for the X
and Y fields are

X = ∂X Ṽ

and Y = ∂Y Ṽ ,

(9.16)

and the Einstein field equations are


gµν
1
G4 h 
η
Rµν − gµν R =
∂µ X∂ν X −
∂η X ∂ X
2
2
2


+ ∂µ Y∂ν Y −


i
gµν
0
∂η Y ∂η Y − gµν Ṽ(X, Y) + Tµν
, (9.17)
2
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0 , which also
where we have added the matter and radiation stress-energy tensor Tµν

contributes to the evolution of the Universe. To allow for a dS era we assume that the
metric takes the form
ds2 = −dt2 + e2h(t) d®
x 2,

(9.18)

and that X and Y depend only on the time coordinate, i.e., X = X(t) and Y = Y(t).
Before proceeding, we pause to present our notation. Throughout, the subindex zero
indicates quantities which are evaluated today. As usual, we normalize the Hubble parameter to its value today introducing a dimensionless parameter H0 = 100 h0 km s−1 Mpc−1 .
Note that the function h(t) in the metric measures the evolution of H, with h(t0 ) = h0 .
Now, we can rewrite (9.16) as
X¥ + 3h¤ X¤ = −∂X Ṽ

and Y¥ + 3h¤ Y¤ = −∂Y Ṽ ,

(9.19)

and the non-zero independent components of (9.17) are
G4 1 ¤ 2 ¤ 2
ρ0
h¤ 2 =
(X + Y ) + Ṽ(X, Y) +
6 2
3





(9.20)

and





1
G4
− (X¤ 2 + Y¤ 2 ) + Ṽ(X, Y) − p0 ,
2h¥ + 3h¤ 2 =
2
2

(9.21)

0 .
where p and ρ0 are the pressure and energy density contained in Tµν
√

The terms in the square brackets in (9.15) take the form of a quadratic function of e−

G4 X .

√

This function has a global minimum at e−

G4 X 0
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around the minimum,

Ṽ(X, Y) =

√
e G4 Y

G4

2

"
𝒦+

MX
(X − X0 )2 + 𝒪 (X − X0 )3
2





#
,

(9.22)

where

MX ≡ √

1

(9.23)

π brc

and

𝒦≡

M2Pl
4πr2c b2

(b2 ξ − 1) .

(9.24)

Obviously the scalar field X is stabilized around its minimum X0 . Its physical mass is
Y-dependent,
√

MX (Y) =

e

G4 Y/2

√
G4

MX ,

(9.25)

and characterizes the mass scale of the tower of string states, which according to the infinite
distance conjecture becomes exponentially massless [624, 625, 632, 641–643]. Indeed, as Y
runs to large and negative values the 4-dimensional Planck mass grows exponentially as
MPl ∼ e−Y in string units, and thus string excitations become exponentially light in Planck
units. Note though that these states cannot play the role of dark matter since part of the
string modes carry also SM gauge charges. The X particle on the other hand can play the
role of fading dark matter, as we show in the next section.
0 , the equations
In the absence of matter and radiation described by the stress tensor Tµν

of motion (9.19)-(9.21) have no dS or inflationary solution. As we mentioned above, there
is an exact string solution with both functions h and Y logarithmic in time describing
a linearly expanding universe, which corresponds in the string frame to the well know
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linear dilaton and flat metric background. This requires the parameter 𝒦 in eq. (9.22)
to be positive. As we will see later, this solution becomes asymptotic at large times in
the presence of matter and radiation. Moreover, there is a period in time of approximate
exponential expansion. The dS (vacuum) potential energy density is given by
√

VY =

e

G4 Y

G4

𝒦.

(9.26)

Now, the requirements for preserving a fraction of supersymmetry (SUSY) in spherical
compactifications to four dimension imply b2 ξ = 1, corresponding to winding number
n = ±1 for the monopole configuration [603]. From (9.24) and (9.26) it follows that the
condition for the potential to show a dS rather than an AdS or Minkowski phase is ξb2 > 1.
Therefore, we conclude that a (Y-dependent) dS background can be obtained only through
SUSY breaking.
We finish this section with a comment on possible SM embeddings. In principle, excitations of the electromagnetic field would seemingly induce variation in the electromagnetic
fine structure constant, as well as a violation of the equivalence principle through a long
range coupling of the dilaton to the electromagnetic component of the stress tensor [701].
A similar variation would be induced in the QCD gauge coupling and thus in the hadron
masses. Although a preliminary analysis seems to indicate that such variations may still
be compatible with experimental limits because the resulting range of variation of the
quintessence field is about 2.5 Planck units (see next section), a very light dilaton would also
mediate extra forces at short and larger distances [702] which are excluded in particular by
microgravity experiments [703]. A possible way out would be to confine the SM fields on
NS5-branes [704]. The 6-dimensional gauge couplings are then independent of the string
dilaton in the string frame and thus come with a factor eφ instead of e−φ in the Einstein
frame, see eq. (9.3). It follows that upon compactification to four dimensions, gauge kinetic
terms couple to e2f+φ , see eq. (9.11), and thus the 4-dimensional gauge couplings depend
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on the scalar X (instead of the dilaton Y) which is fixed at the minimum of the potential,
and SM couplings do not vary. Moreover, one avoids direct couplings of the dilaton to
matter suppressing extra forces competing with gravity.
9.1.3. Reducing the H0 tension with fading dark matter
We now turn to investigate the cosmological implications of the Salam-Sezgin model, by
accommodating recent cosmological observations, while seeking to diminish the tension
between low- and high-redshift measurements. To do so, we adopt the best fit value of
H0 = 69.06+0.66
km s−1 Mpc−1 in the AOV study [667] and analyze the dependence of the
−0.73
quantities relevant to cosmology on the model parameters.
The total energy density of the Universe, ρ =

Í

i ρi ,

drives the evolution of the Hubble

parameter H, where i = {X, Y, 𝒳, b, r} accounts for the X and Y fields, for other types of
dark matter 𝒳, and for the usual SM components of baryonic matter b and radiation r.
For a spatially flat Universe, H2 = ρ/3, where we have adopted reduced Planck units, i.e.,
√
MPl = 1 and G4 = 2. For convenience, herein we consider the evolution in u ≡ − ln(1 + z)
rather than t, where z is the redshift parameter. With this in mind, we express the evolution
of the matter and radiation components as
ρb = ρb,0 e−3u ,

(9.27a)

ρ𝒳 = ρ𝒳,0 e−3u ,

(9.27b)

ρr = ρr,0 e−4u f(u),

(9.27c)

and
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where we remind the reader that the subindex zero indicates quantities which are evaluated
today, and f(u) parametrizes the u dependent number of radiation degrees of freedom.
For the sake of interpolating the various thresholds appearing prior to recombination
(among others, QCD and electroweak), we adopt a convenient phenomenological form
derived elsewhere f(u) = e−u/15 [705]. To simplify notation we also conveniently define
ρ∗ = ρb + ρ𝒳 . A point worth noting at this juncture is that the leading term in the expansion
of the potential Ṽ around the local minimum X0 is quadratic, and therefore the coherent
X-field energy behaves like non-relativistic dark matter [706]. Thus, the X pressureless
dark matter and 𝒳 add up to the CDM of our model. All in all, the number density of the
field X evolves like that of a matter term (i.e., proportional to e−3u ), while its mass evolves
with Y according to (9.25). Therefore, as in the AOV scheme [667], we have





ρX = MX nX = ρX,0





Y
Y − Y0
− 3u = A exp √ − 3u .
exp √
2
2

(9.28)

Finally, the energy density for Y is found to be
1
ρY = H2 Y 02 + VY .
2

(9.29)

Now, making use of the preceding formulae, we can give an explicit expression for the
evolution of the Hubble parameter:
H2 =

ρs
,
3 − Y 02 /2

(9.30)

where ρs = ρ∗ + ρr + Veff stands for the steady-state energy density in moduli space, in the
sense that the field Y is not evolving (Y 0 = 0), with Veff ≡ VY + ρX . These definitions allow
us to rewrite the evolution equation (9.19) for Y as
Y 00
1 − 61 Y 02

0

+ 3Y +

1 0
2 Y ∂u ρs

+ 3 ∂Y Veff
= 0.
ρs
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Next, to simplify the numerical solution to the last equation, we introduce the parameters

α≡

V0
,
ρ∗,0

(9.32a)

β≡

ρr,0
,
ρ∗,0

(9.32b)

γ≡

A
,
ρ∗,0

(9.32c)

and

√
where V0 ≡ VY | Y=0 = 𝒦 / 2. Further definition of ρs ≡ ρ∗,0 ρs and Veff ≡ ρ∗,0 V eff , which
depend only on the parameters introduced in (9.32), makes explicit the dependence of
the solution to (9.31) on just α, β, and γ. Following [671], we take as initial conditions
Y(−30) = 0 and Y 0(−30) = 0.08, which are in accordance to equipartition arguments [707,
708].
In order to understand to which extent this model can represent cosmological data, we
introduce the density parameters Ωi = ρi /3H2 and the equation of state for the field Y:
1 2 02
H Y − VY
pY
wY ≡
= 21
.
2 02
ρY
2 H Y + VY

(9.33)

At this stage, it is worthwhile to note that although the solution for Y only depends on α,
β and γ, the cosmological quantities depend on additional parameters. For instance, the
use of (9.30) and (9.33) requires the introduction of ρm,0 = ρ∗,0 + ρX,0 and h0 as additional
parameters. This amounts to a total of five free parameters in this model. For future
convenience, they are chosen to be h0 , Ωm,0 , Ωr,0 , a ≡ A/(3H20 ) and v0 ≡ V0 /(3H20 ). These
parameters are constrained by five conditions. One is the use of (9.30) as an internal
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consistency condition on the total energy density. Four additional constraints will come
as an attempt to reproduce experimental data with this model. In particular, we will
fix h0 to an experimental value h̃0 , and subsequently fixing the radiation content of the
universe, since this model does not provide any mechanism to modify it, with the additional
constraint

Ωr,0 = Ω̃r,0 ≡

Ωr,0 h20 exp
h̃20

.

(9.34)

The total matter content of our model is similarly adjusted to an experimental value and is
given by

Ωm,0 ≡ Ω∗,0 + ΩX,0 = Ω̃m,0 =

Ωm,0 h20 exp
h̃20

.

(9.35)

Before we go any further, we clarify that a tilde on top of a given parameter of the
model, identifies its direct experimental measurement, and when the measured quantity
is a product of two model parameters then we adopt the subindex exp to indicate the
experimental measurement. Finally, the equation of state for Y today is fixed to the
value of the dark energy equation of state wY,0 = w̃Y,0 . In our calculations we take
w̃Y,0 = −0.80+0.09
, as derived from a combination of multiple observational probes in the
−0.11
Dark Energy Survey (DES) supernovae program (including 207 type Ia supernovae light
curves, the BAO feature, weak gravitational lensing, and galaxy clustered, but independent
of CMB measurements) [709]. This value of w̃Y,0 is consistent at the 1σ level with the one
derived from a combination of DES data and CMB measurements [710].
Making use of (9.33) and (9.32a), we can rewrite the constraint on the equation of state as
√

w̃Y,0 =

1 02
6 Y0
1 02
6 Y0

− v0 e
+ v0 e

2Y0
√

.

(9.36)

2Y0
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Making use of (9.30) at u = 0 together with (9.34) and (9.35) we arrive at
√
1 02
Y0 = 1 − Ω̃r,0 − Ω̃m,0 − v0 e 2Y0 ,
6

(9.37)

which can be substituted into (9.36) to find the constraint
√

v0 e

2Y0

= c− .

(9.38)

Moreover, this result can be substituted back into (9.37) to find a second constraint:
Y00 2 = 6c+ . We have defined the experimentally determined constants
c± ≡

1 ± w̃Y,0
(1 − Ω̃m,0 − Ω̃r,0 ) .
2

(9.39)

The third independent constraint between the still free parameters Ω∗,0 , a, and v0 can be
√

found as a result of (9.38) and ΩX,0 = aeY0 / 2 , and is given by


v0 = c−

2

a
Ω̃m,0 − Ω∗,0


= c−

a
ΩX,0

2

,

(9.40)

unless a = ΩX,0 = 0. Under this condition, v0 can be determined from a and ΩX,0 , in
which case the full solution comes from the solution to the system
√
Y0 =





ΩX,0
2 ln
,
a

(9.41a)

Y00 2 = 6c+ .

(9.41b)

It must be noted that both Y0 and Y00 2 are functions of ΩX,0 and a through their dependence
on the parameters α, β and γ from (9.32). Solving separately (9.41a) and (9.41b) we can
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(1)

(2)

obtain two solutions ΩX,0 (a) and ΩX,0 (a) respectively. A common solution exists if there
(1)

(2)

is some a such that ΩX,0 (a) = ΩX,0 (a). In the case that a = ΩX,0 = 0 and Ω∗,0 = Ωm,0 , the
(1)

(2)

remaining parameter v0 cannot be determined through (9.40), and its values v0 and v0

will come from the solutions to (9.38) and (9.41b), respectively, expressing Y0 and Y00 as
functions of v0 .
In the following we will consider the matter and radiation parameters as given by the
Particle Data Group,
Ωb,0 h20 exp = 0.02226(23),
ΩCDM,0 h20 exp = 0.1186(20),

(9.42)

Ωr,0 h20 exp = 2.473 × 10−5 (Tγ,0 /2.7255)4 ,
where Tγ,0 is the temperature of the relic photons [335]. The existence of solutions to (9.41)
is conditioned by the values of h̃0 and w̃Y,0 through the constants c± . For example, for
(h̃0 , w̃Y,0 ) = (0.71, −0.62), there exists a solution for (ΩX,0 , a) ≈ (0.019, 0.107) but there is
no solution for (h̃0 , w̃Y,0 ) = (0.71, −1). A systematic analysis of the (h̃0 , w̃Y,0 ) parameter
space is necessary to study the potential of this model.
(2)

(1)

For large values of a, it can be seen that ΩX,0 is consistently larger than ΩX,0 , in a
wide region of the (h̃0 , w̃Y,0 ) parameter space. This can be used to study the existence of
solutions. As ΩX,0 and a go to zero simultaneously, they do it as

r
ΩX,0 =

c−
a,
v0

(9.43)

as follows from (9.40). To ensure consistency with the solutions at a = ΩX,0 = 0, each
(i)

function ΩX,0 must have a different slope
(i)
ΩX,0

s
=

c−
(i)

(9.44)

a.

v0
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Figure 9.1.: Allowed region in the (h0 , wY,0 ) parameter space, in terms of the ratio of present
energy densities for the X-field and the total CDM. The star indicates the preferred h0
value in the AOV analysis [667].
(2)

(1)

Using this, if v0 > v0 , both curves must cross, guaranteeing the existence of a solution.
(2)

(1)

The limiting condition v0 = v0 , which determines the existence of a solution with a = 0,
separates both regions in the (h̃0 , w̃Y,0 ) parameter space. In Fig. 9.1 we show this limiting
condition together with several solutions for a ≠ 0. The best fit value of [667], h0 = 0.69, is
indicated by a star. We note that models with ΩX,0 /ΩCDM,0 & 40% are in 3σ tension with
current determinations of wY,0 .
We now take the best fit solution derived in [667] as the experimental value of H0
and check for consistency of the relevant cosmological parameters. For h0 = 0.69 and
ΩX,0 /ΩCDM,0 = 0.1, we obtain wY,0 = −0.63, which gives a = 0.178, v0 = 35.3, and
V0 = 3H20 v0 = 3.87 × 10−119 in reduced Planck units.
The main results of the consistency investigation are encapsulated in Figs. 9.2, 9.3, 9.4, 9.5
and 9.6, where we show the evolution of: (i) Y(u) and Y 0(u), (ii) the various contributions
to the total energy density, (iii) wy , (iv) the acceleration parameter −q(u) = 1 + h0(u)/h(u),
and (v) the Hubble parameter. The results shown in the left panels of these figures are
based on the best fit value of the AOV analysis (corresponding to a = 0.178), whereas
those displayed in the right panels correspond to a = 0. For a = 0, we take h0 = 0.66 and
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Figure 9.2.: Evolution of Y(u) and Y 0(u), for a = 0.178 (left) and a = 0 (right).

Figure 9.3.: Evolution of the density parameters Ωr , Ω∗ , ΩX , and ΩY . We have taken
a = 0.178 (left) and a = 0 (right).

Figure 9.4.: Evolution of the equation-of-state parameter for dark energy wY , for a = 0.178
(left) and a = 0 (right).
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Figure 9.5.: Evolution of the acceleration parameter −q, for a = 0.178 (left) and a = 0
(right), showing the existence of an accelerated phase that asymptotically approaches a
constant velocity expansion in the future.

Figure 9.6.: Hubble expansion history for z < 2.5 considering a = 0.178 (left) and a = 0
(right). For comparison, we show the recent determination of h0 from [613] together
with a compilation [711] of 38 measurements h(z) in the range 0 6 z 6 2.36 [712–721].
These 38 h(z) measurements are not completely independent. For example, the 3
measurements taken from [720] are correlated with each other, and the 3 measurements
of [721] are correlated too. In addition, in these and other cases, when BAO observations
are used
∫ ∞ to measure h(z), one has to apply a prior on the radius of the sound horizon,
rd = z cs (z)dz/H(z), evaluated at the drag epoch zd , shortly after recombination, when
d
photons and baryons decouple. This prior value of rd is usually derived using CMB
observations.
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★

★

Figure 9.7.: Left panel. 1, 3 and 5 σ probability contours in the (h0 , wY,0 ) parameter space
after performing a least squares fit of the model to the Hubble parameter data. The
minimum corresponds to a = 0. Right panel. Structure of the (h0 , wY,0 ) parameter space
around the point (h0 , wY,0 ) = (0.69, −0.626), indicated with a “★.” The diagonal line
separates the regions with ΩX,0 /ΩCDM,0 larger (above) and smaller (below) than 0.1. The
green bands indicate the 1 and 2 σ confidence intervals for the value of h0 as determined
by SH0ES. The colored contours show constant χ2 lines, after the fit shown in the left
panel. The first from the left shows the values as likely as (0.69, −0.626), and the other
three show the values such that ∆χ2 is 1, 3 and 5, from left to right.
wY,0 = −0.70; a choice justified below. We can see in Fig. 9.3 how the X-Y coupling depletes
dark matter into dark energy, yielding a larger ΩY,0 = 0.704 for a = 0.178 than for a = 0
where ΩY,0 = 0.673. This is the so-called “fading dark matter” effect [667], which tends to
favor larger values of h0 when a ≠ 0; namely, h0 = 0.69 for a = 0.178, and h0 = 0.66 for
a = 0. The dark energy equation of state also shows striking differences. As we can see
in the left panel Fig. 9.4, for −10 . u . −2. the dark energy equation of state wY > 0, so
that the energy density redshifts faster than that in ΛCDM [667]. For a = 0, however, the
dark energy equation of state mimics that of a cosmological constant, wY = −1, between
−10 . u . −2. This translates into smaller values of wY,0 for the decoupled system with
a = 0, and closer to the ΛCDM prediction of wΛ = −1.
In the left panel of Fig. 9.7 we show 1, 3 and 5 σ probability contours in the (h0 , wY,0 )
parameter space after performing a least squares fit of the model to the Hubble parameter
data. The minimum, which corresponds to a = 0, corroborates that quintessence models
exacerbate the H0 tension since the dark energy density decreases in recent times [667].
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Figure 9.8.: Rescaled posterior distributions of h0 (due to marginalization over additional
free parameters) with different choices of Neff from the 7 parameter fit of [725]. The
rescaled posterior distribution of h0 for the AOV fit is indicated with the dashed
curve [667].The shaded areas indicate the 1σ and 2σ regions as determined by SH0ES [613].

As can be seen in the right panel of Fig. 9.7, the best fit value of h0 in the OAV-study
is consistent with determinations of wY,0 at < 2σ level. We conclude that the set up
introduced in Sec. 9.1.2 has the salient cosmological features of the AOV fading dark matter
proposal.

9.1.4. Hubble hullabaloo and D-brane string compactifications
In this section we comment on additional phenomena that would influence the time
evolution of the model parameters and may help solving the H0 problem. It is common
knowledge that D-brane string compactifications provide a collection of building block rules
that can be used to build up the SM or something very close to it [722–724]. Gauge bosons
of the brane stacks belong to 𝒩 = 1 vector multiplets together with the corresponding
gauginos. At brane intersections chiral fermions belong to chiral multiplets denoted by
their left-handed fermionic components Q, L, Uc , Dc , Ec , Nc , where the superscript c
stands for the charged conjugate in the familiar notation.
For such D-brane constructs, superpotentials of the form MNc Nc or SNc Nc are pre292
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cluded by the U(1)L lepton and U(1)IR isospin-right gauge invariances, where M is a
Majorana mass matrix in flavor space and S is a gauge singlet. Because of this, there
is no equivalent to the seesaw mechanism to generate the Weinberg term [726] which
gives rise to Majorana neutrinos.3 Neutrino masses could then depend upon the addition
of 3 Dirac right-handed neutrinos. If we now adopt the phenomenological structure
of D-brane models to describe the matter fields in the visible sector, then the model
parameters of the cosmological set-up introduced herein could be (in principle) affected by
the right-handed neutrinos, which would contribute to the total radiation energy density.
For a decoupling temperature & 1 TeV, we have g∗ (Tdec ) & 106.75 and via (9.1) we find that
the νR contribution to the non-SM relativistic energy density, ∆Neff . 0.14, is well within
the existing 95% CL upper limit. On the other hand, if νR ’s decouple near the QCD phase
transition, a D-brane-like description of the matter fields in our cosmological set-up can
accommodate the larger value of ∆Neff derived using the helium abundance measurements
of [680], while providing interesting predictions for LHC searches [729–731].
More concretely, in Fig. 9.8 we show the normalized posterior distributions of h0 for
different choices of Neff from the 7 parameter fit of [725]. It is evident that the 95% CL
limit on ∆Neff from the combination of CMB, BAO, and BBN observations [601] severely
constrains a solution of the H0 problem in terms of additional relativistic degrees of freedom.
Consideration of the larger helium abundance measured in [680], with ∆Neff < 0.544 at the
95% CL still precludes a full solution of the H0 problem in terms of additional light species
at the CMB epoch. However, the combined effect produced by fading dark matter and
the extra relativistic degrees of freedom at the CMB epoch appears to have the potential
to resolve the H0 tension; see Fig. 9.8. A comprehensive study of the parameter space is
beyond the scope of this paper and will be presented elsewhere. Needless to say, the helium
abundance reported in [680] is in tension with Planck observations, so this solution would
require a combination of two datasets which are in tension. On the one hand, the addition
3 However,

it is possible that D-brane instantons can generate Majorana masses for these perturbatively
forbidden operators [727, 728].
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of extra relativistic degrees of freedom at the CMB epoch can accommodate the local
calibration of SNe luminosities well out into the Hubble flow, avoiding the constraints of
late times dark energy transitions [669]. On the other hand, we have noted that increasing
the amount of radiation in the early universe leads to a higher value of S8 . Solutions that
could mitigate this problem have been presented in [732].
Future experiments, such as CMBPol (which is expected to reach a 2σ precision of
∆Neff = 0.09 [733]) and eventually CMB-S4 (which is expected to reach a 2σ precision of
∆Neff = 0.06 [734]) will be able to probe the contributions from 𝛶’s and νR ’s, providing
additional constraints on the (extended) string cosmological set-up proposed in this section.

9.1.5. Conclusions
We have realized the Agrawal-Obied-Vafa swampland proposal of fading dark matter for
relaxing the H0 tension [667] by the model of Salam-Sezgin [603] and its string realization
of Cvetič-Gibbons-Pope [604]. The model is fairly simple, it describes a compactification
from six to four dimensions of a 6-dimensional SUGRA with a monopole background on a
2-sphere, allowing for time dependence of the 6-dimensional moduli fields while assuming
a 4-dimensional metric with a Robertson-Walker form. In terms of linear combinations of
the S2 moduli field and the 6-dimensional dilaton, the 4-dimensional effective potential
consists of a pure exponential function of a quintessence field Y which is the 4-dimensional
dilaton and the field X which determines the 4-dimensional gauge couplings of NS5-branes.
This avoids direct couplings of the dilaton to matter suppressing extra forces competing
with gravity. It turns out that X is a source of CDM, with a mass proportional to an
exponential function of the quintessence field. The asymptotic behavior of the Hubble
parameter, h ≈ ln t, leads to a conformally flat Robertson-Walker metric for large times.
The dS (vacuum) potential energy density is characterized by an exponential behavior
√

VY ∝ e

2Y .

Asymptotically, this represents the crossover situation with wY = −1/3,

implying expansion at constant velocity with Y varying logarithmically Y ≈ − ln t [670].
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The deviation from constant velocity expansion into a brief accelerated phase encompassing
the recent past (z . 6) makes the model phenomenologically viable.
We have shown that this set up is well equipped to reproduce the salient features of
the AOV fading dark matter proposal. For a = 0.178, the model features a tower of light
states X originating in the rolling of the Y field. These X particles constitute a portion of
the CDM, and the way in which their mass evolve over time demonstrates that the model
may help reducing (though not fully eliminate) the H0 tension.
As a natural outgrowth of this work, we intend to study SUGRAs of higher dimension,
which also admit monopole-like solutions [735]. In some cases, however, there are no
compactifications to Minkowski vacuum [736]. Of particular interest is the gauged 8dimensional SUGRA with matter couplings [737] where a solution of the form Minkowski6 ×
S2 is known to exist. In addition, because the Salam-Sezgin model has N = (1, 0) SUSY in 6
dimensions the U(1) coupling is not fixed. In general it may be a combination of eφ and
e−φ determined by chiral anomalies [738]. These may offer new possibilities for models of
the type discussed in this paper. However, we remind the reader that late time dark energy
transitions do not fully resolve the true source of tension between the distance ladder and
high redshift observations [669] and therefore some additional assumptions (like those
discussed in Sec. 9.1.4) must be adopted in order to solve the H0 problem in the AOV-type
string backgrounds.
In summary, the string cosmological framework put forward in this paper calls for new
CMB observations and stimulates the investigation of complex theoretical models of the
swampland as possible solutions of the H0 problem.

9.2. Dark energy, Ricci-nonflat spaces, and the Swampland
It was recently pointed out that the existence of dark energy imposes highly restrictive
constraints on effective field theories that satisfy the Swampland conjectures. We provide a
critical confrontation of these constraints with the cosmological framework emerging from
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the Salam-Sezgin model and its string realization by Cvetič, Gibbons, and Pope. We also
discuss the implication of the constraints for string model building.

9.2.1. Introduction
Very recently, Montefalcone, Steinhardt, and Wesley (MSW) pointed out that fundamental
theories which are based on compactification from extra dimensions struggle to accommodate a period of accelerated cosmological expansion [739]. More concretely, they derived
constraints on the subset of “consistent looking” (3+1) dimensional effective quantum field
theories coupled to gravity that satisfy the Swampland conjectures [623–638, 641, 642] (for
reviews see [639, 640]) and thereby are also consistent with string theory [605]. In a recent
study, we developed a concrete realization of the cosmological string framework of fading
dark matter [667] that can accommodate a period of accelerated expansion [740]. In this
Letter, we confront the predictions of our model with the constraints derived in [739] and
we demonstrate that it remains a viable framework to explain the overall data sets of the
latest cosmological observations.
We begin by summarizing some desirable features of effective field theories that are
inherited from properties of the overarching string theory. The Swampland conjectures
closely related to our study are those germane to effective scalar field theories canonically
coupled to gravity and endowed with a canonical kinetic term, which dominates the energy
density of the present epoch universe. For these theories to be consistent with string theory,
the following two conditions are conjectured to hold:
• Distance Swampland conjecture: If a scalar field transverses a trans-Planckian range in
the moduli space, a tower of string states becomes light exponentially with increasing
distance [624, 625, 632, 641, 642].
• de Sitter conjecture: The gradient of the potential V must satisfy either the lower
bound, MPl |∇V | > cV or else must satisfy M2Pl min(∇i ∇j V) 6 −c0V, where c and
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c0 are positive order-one numbers in Planck units and MPl is the reduced Planck
mass [628, 632].
For the purposes of this study, however, we can ignore the criterion that restricts near-zero
slope because we are considering the specific application of quintessence scalar fields as
models for dark energy.
A key assumption in the derivation of the MSW constraints is that the internal space
should be compact and conformally Ricci flat, and hence without loss of generality the
metric tensor of the 10-dimensional space can be written as
µ
ν
−2Ω(t,y) RF
ds10 = e2Ω(t,y) gFRW
ḡmn (t, y)dym dyn ,
µν (t)dx dx + e

(9.45)

where gFRW is the flat Friedmann-Robertson-Walker metric with time-dependent scale
factor ā(t), Greek subscripts (µ, ν) are the indices along the non-compact dimensions with
coordinates xµ , Latin subscripts (m, n) are the indices along the 6 compact extra dimensions
with coordinates ym , and the metric of the internal space is chosen such that ḡRF has
vanishing Ricci scalar curvature with warp factor Ω [741, 742]. For compact spaces with
this specific structure, the expansion rate can be expressed in terms of the 4-dimensional
∫
√
effective scale factor a ≡ eχ/2 ā, with eχ ≡ e2Ω g10 d6 y, and the variation of Newton’s
¤ 4 /G4 = −Hκ, where
constant G4 can be related to the Hubble parameter H according to G
∫
√
κ = H−1 e2Ω 𝜘 g6 d6 y, gmn ≡ e−2Ω ḡRF
mn , and the time variation of 𝜘 drives the local
expansion of the extra dimensions [743]. Now, using limits on the instantaneous variation
of G4 today [744] MSW derived constraints to be imposed on the κ(a) trajectories for
quintessence scalar field dark energy χ with potential Vχ ∝ eλχ , where λ ∼ 𝒪(1). It turns
out that for λ < 1, the computed values of κ(a = 1) are outside the 3σ range of the observed
¤ 4 /G4 today [739].
instantaneous value of G

297

9. H 0 tension with salam-sezgin through the swampland

9.2.2. The Salam-Sezgin model in the light of SNe Ia, CMB and BAO data.
By all means, the metric of the internal manifold is not always factorable in terms of a
warping factor times a Ricci flat space. A particular string framework where the internal
space is not conformally Ricci flat is that of the Salam-Sezgin model [603] with its string
realization by Cvetič, Gibbons, and Pope [604]. The Salam-Sezgin model is fairly simple, it
describes the compactification of a 6-dimensional supergravity to four dimensions with a
monopole background on a 2-sphere, allowing for time dependence of the 6-dimensional
dilaton φ and the breathing mode of the sphere f, while tolerating a 4-dimensional metric
with a Friedmann-Robertson-Walker form [671]. The metric tensor of the 6-dimensional
spacetime is given by

h

i

ds26 = e2f − dt2 + e2h d®
x 2 + r2c (dϑ2 + sin2 ϑdϕ2 ) ,

(9.46)

where rc is the compactification radius and h = ln ā. The gauge field Fϑϕ = −b sin ϑ is
excited on S2 supporting the monopole configuration [603].
√
In terms of linear combinations of the S2 moduli field f = G4 (X − Y)/4 and the
√
6-dimensional dilaton φ = G4 (X + Y)/2, the 4-dimensional effective potential in the
Einstein frame consists of a pure exponential function of a quintessence field Y (which is
the 4-dimensional dilaton) times a quadratic polynomial in the field e−X . It turns out that X
is a source of cold dark matter, with a mass proportional to an exponential function of the
quintessence field. When making the volume of the 2-sphere large, namely for large values
of Y, there appears a tower of states, which according to the infinite distance swampland
conjecture becomes exponentially massless. If the standard model fields are confined
on Neveu-Schwarz 5-branes [704] the 6-dimensional gauge couplings are independent
of the string dilaton in the string frame, and upon compactification to four dimensions
the 4-dimensional gauge couplings depend on X (rather than the dilaton Y) which is
fixed at the minimum of the potential [740]. This avoids direct couplings of the dilaton
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to matter suppressing extra forces competing with gravity. The asymptotic behavior of
the Hubble parameter, h ∼ ln t, leads to a conformally flat Friedmann-Robertson-Walker
metric for large times. The de Sitter (vacuum) potential energy density is characterized by
an exponential behavior VY ∝ e

√
2Y .

Asymptotically, this represents the crossover situation

with the equation of state for the quintessence field wY = −1/3, implying expansion at
constant velocity with Y varying logarithmically Y ∼ − ln t [670, 745]. The deviation from
constant velocity expansion into a brief accelerated phase encompassing the recent past
(redshift z . 6) makes the model phenomenologically viable [740].
The Salam-Sezgin model can be uplifted to obtain a full Type I string configuration,
where the metric tensor takes the form

ds210 = (cosh 2ρ)1/4 e





φ/2

e−φ ds26 + dz2




!2
! 2 
r
r

2
2




4  2 cosh ρ
ξ
sinh ρ
ξ
+ dρ +
dα −
b cos ϑdϕ +
dβ +
b cos ϑdϕ  ,
ξ
cosh 2ρ
8
cosh 2ρ
8




(9.47)
where ρ, z, α, β are the four extra coordinates, ξ is the rescaled gauge coupling, and the
√
10-dimensional dilaton (denoted by Φ) satisfies eΦ = e−φ / cosh 2ρ [604]. As can be read
off by inspection of (9.47) the 6-dimensional metric tensor of the internal space cannot
¤ 4 /G4 can be
be factorized to conform with (9.45), and therefore the MSW constraint on G
evaded.
A point worth noting at this juncture is that the uplifted procedure leading to (9.47)
implies a non-compact internal manifold. As a consequence, the string coupling constant,
gs = eΦ , goes to zero at large distances ρ in the internal directions. In addition, the

∫

ratio G10 /G6 = 16π2 ξ−3/2 dz

∫∞
0

dρ sinh 2ρ, points to a vanishing G6 to accommodate the

diverging ρ integration. However, the metric in (9.47) can be interpreted within the context
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of a Klebanov-Strassler throat like in [746], with 0 6 ρ 6 L, L  1 being an infrared cutoff,
to obtain a compact internal space and therefore G6 ≠ 0. Alternatively, in the spirit of [747],
we can introduce a warping factor in the non-compact space to make the ρ integration
finite and obtain

G4 =

where

∫

243 [ζ(3)]2 G10 ξ5/2
,
16 π `z

(9.48)

dz = `z . Now, since the cosmological parameters determined elsewhere [740]

are independent of the moduli fields but the one supporting the Salam-Sezgin monopole,
we can always select the time variation of the compact dimension `z to accommodate the
¤ 4 /G4 constraints.
G
De facto the Salam-Sezgin model is a supersymmetrization of a non-critical string with
exponential tree-level dilaton potential proportional to the central charge deficit [603].
Cvetič, Gibbons, and Pope [604] provided the 10-dimensional compactification on a noncompact space that we adopted in [740], but this is just one example. All one needs is some
internal (super-)conformal field theory (CFT) with the appropriate central charge (bigger
than 4 to account for the ‘non-compactness’ in a σ-model approach) to go to six dimensions.
In the CFT approach there is no 10-dimensional Planck constant since the internal central
charge is bigger than 4. Instead there is the string scale and a 6-dimensional Planck scale,
and therefore there is no problem of non compactness.
A second constraint discussed by MSW pertains to the equation of state for dark energy
as a function of redshift, wY (z). Before proceeding, we pause to note that it is nearly
impossible to constrain a general history of wY (z). This is because the dark energy density,
which regulates H(z), is given by an integral over wY (z), and hence length scales and the
growth factor involve a further integration over functions of H(z). Several parametrizations
for wY (z) have been proposed; see e.g. [749–753]. It has become conventional to phrase
constraints on wY (z) in terms of a linear evolution model, wY (z) = w0 + wa z/(1 + z) [750,
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Figure 9.9.: Left. The 95%CL upper limit on wY (z) = w0 + wa z/(1 + z) based on SNe Ia, CMB
and BAO data. Following [646], the limit is determined from Fig. 5 in [748] by finding
the values of (w0 , wa ) all along the 95%CL contour, plotting all wY (z), and finding the
upper hull. Right. A comparison between the 95% CL upper limit derived in the left
panel and various predictions for the Salam-Sezgin-Cvetič-Gibbons-Pope model.
752]. Indeed, MSW adopt the constraint on wY (z) derived in [646] on the basis of the
linear evolution model and the best fit parameters of supernovae type Ia (SNe Ia), cosmic
microwave background (CMB), and baryon acoustic oscillation (BAO) measurements [590].
More concretely, when Planck 2015 CMB measurements are combined with data from
the Pantheon SNe Ia sample and constraints from BAO the best fit parameters are w0 =
−1.007 ± 0.089 and wa = −0.222 ± 0.407 [590]. Over and above, when SNe Ia and BAO
datasets are combined with the most recent Planck 2018 observations the precision on
the best fit parameter improves, yielding w0 = −0.964 ± 0.077 and wa = −0.25+0.30
[748].
−0.26
However, recent observations provided evidence to support the possibility that intrinsic
SNe Ia luminosities could either evolve with redshift [754, 755] (see however [756]), or else
correlate with the host star formation rate or metallicity [757–760]. All in all, the effect of
the new SNe Ia systematic uncertainties leads to both a shift in the peak and a broadening
of the marginalized posterior probability distributions from the multi-dimensional fit used
to determine the dark energy parameters: when Pantheon SNe Ia, BAO, and Planck 2018
datasets are combined w0 = −0.85+0.15
and −0.52+0.57
, whereas when JLA SNe Ia, BAO,
−0.21
−0.40
and Planck 2018 datasets are combined w0 = −0.70 ± 0.19 and wa = −0.91 ± 0.52 [748]. In
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Fig. 9.9 we show a comparison between the predictions for wY (z) of the models studied
in [740] and the 95%CL upper limit on wY (z) derived in [748], taking into account SNe Ia
systematics. The predictions of the models are partially consistent with the upper limit.
Moreover, the 95%CL upper limit does not come from a direct observation to which one
can associate statistical and systematic errors. It is the result of a multidimensional fit that
depends on priors. One of such priors is the adopted functional form of w(z), which is
subject to large theoretical uncertainties [761, 762]. If one adopts another form for w(z),
then the 95%CL contours used to derive the limit could change too.4 All in all, we conclude
that our cosmological framework remains phenomenologically viable.

9.2.3. Conclusions
We have shown that the Friedmann-Robertson-Walker-Salam-Sezgin model and its string
realization by Cvetič, Gibbons, and Pope remains a well equipped framework to describe
cosmological observations. Besides, for the sake of completeness, it is important to stress
that in (9.45) there is an implicit assumption of critical string theory which does not hold for
time dependent solutions. Consider for instance the simplest time-dependent exact solution
of string theory described by the linear dilaton background in string frame, corresponding
to a linearly expanding universe and logarithmic dilaton in the Einstein frame [670, 745].
The underline (super-)CFT in the world-sheet is a free coordinate with a background
charge, implying a positive central charge deficit for the internal CFT. Using a 6-dimensional
σ-model, this implies a negatively curved internal manifold violating the Ricci-flatness
assumption of the metric gRF
mn , such as in the model we described above. Alternatively,
one may use flat compact coordinates in a higher dimensional space, since positive central
charge deficit increases effectively the critical dimension of string theory. Another property
shared by the model we studied here is the non-uniform time dependence of the internal
space (i.e., internal dimensions may have different time dependence). Allowing in general
4 For

additional considerations on the 95%CL upper limit, see [682, 683, 763].
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different directions/cycles to have different time dependence, leaves plenty of room still
available for model builders.
We end with an observation: the fading dark matter hypothesis relieves tensions in H0
measurements but it does not fully resolve them. String theory provides a plethora of
candidates for long-lived relics that can modify the expansion rate at recombination and
thus affect the evolution of H and wY [729, 740, 764, 765]. A comprehensive study of the
full parameter space is beyond the scope of this Letter and will be presented elsewhere.
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i n f l a t i o n under the
s w a m p l a nd conjectures

In this chapter, we continue exploring cosmological models under the Swampland
program. In particular, we consider general inflationary models mediated by
scalar fields respecting S-duality invariance (that is, under φ → −φ field transformations). We study how these models are constrained by the distance and de Sitter
swampland conjectures, which establish limits on the evolution of the fields. We
study the feasibility of the conjecture-constrained models against measurements
of the spectral index and the tensor-to-scalar ratio, parameters which measure the
imprint of inflationary phenomenology on the cosmic microwave background.
Published works
“S-dual inflation and the string swampland”. In: Physical Review D 103.12 (June 2021),
p. 123537. doi: 10.1103/physrevd.103.123537. arXiv: 2103.07982 [hep-th].

10.1. S-dual Inflation and the Swampland constraints
The Swampland de Sitter conjecture in combination with upper limits on the tensor-toscalar ratio r derived from observations of the cosmic microwave background endangers
the paradigm of slow-roll single field inflation. This conjecture constrains the first and
the second derivatives of the inflationary potential in terms of two 𝒪(1) constants c and
c0. In view of these restrictions we reexamine single-field inflationary potentials with
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S-duality symmetry, which ameliorate the unlikeliness problem of the initial condition.
We compute r at next-to-leading order in slow-roll parameters for the most general form of
S-dual potentials and confront model predictions to constraints imposed by the de Sitter
conjecture. We find that c ∼ 𝒪(10−1 ) and c0 ∼ 𝒪(10−2 ) can accommodate the 95% CL
upper limit on r. By imposing at least 50 e-folds of inflation with the effective field theory
description only valid over a field displacement 𝒪(1) when measured as a distance in the
target space geometry, we further restrict c ∼ 𝒪(10−2 ), while the constraint on c0 remains
unchanged. We comment on how to accommodate the required small values of c and c0.

10.1.1. Introduction
Inflation is the leading paradigm for explaining the behavior of the quasi-de Sitter
expansion in the very early universe. Single-field inflationary models provide promising
explanations to the cosmological horizon problem, the lack of topological defects, and
the observed large-scale isotropy [766–768]. In addition, inflation provides a mechanism
for generating small fluctuations in energy density, which could have seeded galactic
structure formation [769–773], and are observed in the temperature anisotropies of the
cosmic microwave background (CMB) [774, 775].
One of the main goals of modern CMB missions is to measure the tensor-to-scalar ratio r
accurately to constrain inflationary models. The combination of BICEP2/Keck Array data
with observations by Planck (TT,TE,EE +lowE+lensing) and BAO significantly shrink the
space of allowed inflationary cosmologies: r < 0.068 at 95% CL [776, 777]. Moreover, CMB
data favor standard slow-roll single field inflationary models with plateau-like potentials
V, for which Vφφ < 0, over power-law potentials; here φ is the dilaton/inflaton and
Vφ ≡ dV/dφ [531]. In this paper we investigate slow-roll inflationary models within the
context of the Swampland program [605] and confront model predictions with experiment.
We particularize the investigation to inflationary potentials satisfying Vφφ < 0 while being
invariant under the S-duality constraint, φ → −φ [778], which is reminiscent of String
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Theory [779, 780].
The Swampland program has been established to lay out a connection between quantum
gravity and very-large-scale/ultra-low-energy astronomical observations. The String
Swampland comprises the set of (apparently) consistent effective field theories (EFT) that
cannot be completed into quantum gravity in the ultraviolet [639, 640]. This rather abstract
concept implies that if gravity were to be added into an EFT which is self-consistent up to a
scale Eself , then the combined theory would exhibit a new limiting energy scale Eswamp ,
above which the theory must be modified if it is to become compatible with quantum
gravity in the ultraviolet. When the energy relation Eswamp < Eself < EPl holds and Eswamp
is below any characteristic energy scale involved in the theory, we say that the entire EFT
belongs to the String Swampland; EPl denotes the Planck energy scale. Guidance for a
model building approach is provided by an ensemble of Swampland conjectures [623–630,
632–638, 641, 642, 694, 781–787]. There are two consequential conjectures which gathered
immediate interest in the context of inflationary cosmology:
• Distance Swampland conjecture: This conjecture limits the field space of validity of
any EFT by limiting the field excursion ∆φ to be small when expressed in Planck
units, namely ∆φ/MPl ≡ δ . α ∼ 𝒪(1), where MPl = (8πG)−1/2 is the reduced Planck
mass [624, 625, 632, 641, 642].
• de Sitter conjecture: The gradient of the scalar potential V must satisfy the lower
bound,

MPl

|Vφ |
≡ 𝒞 > c,
V

(10.1)

or else its Hessian must satisfy
M2Pl

Vφφ
≡ 𝒞 0 6 −c0
V

(10.2)
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where c and c0 are positive order-one numbers in Planck units [628, 632].
It has been noted that while the distance conjecture by itself does not pose significant
challenge for single-field inflationary models (and corresponds observationally to a
suppressed r through the well-known Lyth bound [788]), the de Sitter conjecture is in
direct tension with slow-roll inflationary potentials favored by CMB data [631, 646, 684,
693, 696, 697, 789–791]. The objective of our investigation is to analyze the status of singlefield inflationary potentials with S-duality symmetry in the context of the Swampland
conjectures.
The remainder of the paper is structured as follows. In Sec. 10.1.2 we first provide an
overview of the equations of motion in single-field slow-roll inflation and introduce the
definition of the slow-roll parameters. After that, to make the connection with experiment
we compute the scalar spectral index ns and the tensor-to-scalar ratio r at next-to-leading
order (NLO) in slow-roll parameters. In Sec. 10.1.3 we examine the subtleties of model
building while imposing constraints which depend on multiple slow-roll parameters
focussing attention on S-dual symmetric inflationary potentials. We summarize the
generalities of these potentials and confront model predictions to the CMB observables
ns and r. In Sec. 10.1.4 we investigate the ambiguity on the definition of the slow-roll
parameters and explore whether this uncertainty can help ameliorate the tension between
single-field inflationary models and the de Sitter Swampland conjecture. The paper wraps
up with some conclusions presented in Sec. 10.1.5.
10.1.2. Constraints on r at NLO in slow-roll parameters
The essential property of nearly all crowned inflationary models is a period of slow-roll
evolution of φ during which its kinetic energy remains always much smaller than its
potential energy. The equation of motion for the canonical homogeneous inflaton field is
¥ + 3Hφ
¤ + Vφ = 0 ,
φ

(10.3)
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where H = a/a
¤ is the Hubble parameter and dot denotes derivative with respect to the
cosmic time. The slow-roll conditions
1 ¤2
φ  |V |
2

(10.4)

and
¥
φ
¤
3Hφ

 1,

(10.5)

imply
MPl 2 Vφ
≡
2
V



2
1

(10.6)

and

"
η ≡ MPl 2



Vφφ 1 Vφ
−
V
2 V

 2#

 1,

(10.7)

respectively [792, 793].1 The Friedmann relation incorporating slow-roll is given by

s
H(φ) '

V
3MPl 2

.

(10.8)

At the end of slow roll, φ falls into the core of the potential and oscillates rapidly around
the minimum, ultimately leading to the reheating period. The amount of inflationary
expansion within a given timescale is generally parametrized in terms of the number of
e-foldings that occur as the scalar field rolls from a particular value φ to its value φe when

1 The

definition of the slow-roll parameters vary; we follow the conventions of [794].
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inflation ends:

N(φ → φe ) = −

1

∫ φe

M2Pl

φ

V
dφ ,
Vφ

(10.9)

with (φe ) = 1 [795]. The de Sitter conjecture bounds the integrand above. Around a
minimum of the potential without changes in the curvature

N(φ → φe ) =

1

∫ max(φ,φe )

MPl 2

min(φ,φe )

V
V
|φe − φ|
|φe − φ| V
max
dφ 6
=
Vφ
MPl 2 [φ,φe ] Vφ
MPl 2 Vφ

, (10.10)
φ

√
as V/Vφ ∼ 1/  grows as the field moves away from the minimum. Using the de Sitter
conjecture bound this can be written more compactly as [789]
∆φ
> c N.
MPl

(10.11)

To make contact with experiment we calculate r at NLO in slow-roll parameters. We
begin by parametrizing the scalar


𝒫s = As

k
k∗

 ns −1+ 12 αs ln( kk )+···
∗

(10.12)

and tensor


𝒫t = At

k
k∗

 nt + 12 αt ln( kk )+···
∗

(10.13)

power spectra, where the spectral indices and their running (included here for completeness
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only) are given by





ns



2 2 2
10
2
2
2
+ 4ℬ η − (6 + 4ℬ) + η − (3ℬ − 1) 2 − 6η + ξ ,
' 1 − 4 + 2η +
3
3
3


nt



8
2
' −2 +
+ 4ℬ η − (7 + 6ℬ)2 ,
3
3

αs ≡

dns
' −82 + 16η − 2ξ2 ,
d ln k

αt ≡

dnt
' −4( − η) ,
d ln k

(10.14)

and where ℬ = γE + ln 2 − 2 ≈ −0.7296 and
ξ2 ≡

M4Pl Vφ Vφφφ
V2

,

(10.15)

is the third slow-roll parameter [796]. The NLO amplitudes are related to , η and V by
As





 

2
1
−
(4ℬ
+
1)
+
2ℬ
−
η ,
'
3
24π2 M4Pl 

At '

V

V
6π2 M4Pl





(10.16)

 

5
1 − 2ℬ +
 .
3

(10.17)

All in all, the ratio of the NLO amplitudes of the spectra is given by





At
1
r≡
' 16 + 32 ℬ −
( − η) .
As
3

(10.18)

Substituting (10.1) into (10.18) we reproduce the well-known constraint at LO in slow-roll
parameters,
r ' 16 ≡ 8𝒞 2 ⇒ 𝒞 '

p

r/8 . 0.09 ,

(10.19)

where we have taken r to saturate the 95% CL upper limit. A comparison of this upper
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limit with the lower limit in (10.1) has called into question whether slow-roll single field
inflationary models could live on the Swampland [631, 646, 684, 693, 696, 697, 789–791].
Using the upper value of the measured 1σ range, ns = 0.9658 ± 0.0040 [777], a combined
limit on 𝒞 and 𝒞 0 can be derived substituting (10.1) and (10.2) into the expression of the
scalar spectral index (10.14). At LO,
ns ' 1 − 2𝒞 2 + 2η .

(10.20)

The allowed region of the ns − r plane at LO has been reported in [697]. We can visualize
the modification of the NLO bounds on 𝒞 and 𝒞 0 posed by the data in Fig. 10.1 in a
model independent way, to the degree that the ξ2 term in the expansion for ns in (10.14) is
negligible. This alone suggest a certain degree of incompatibility between observations
and the de Sitter conjecture. The inclusion of a non-zero ξ would slightly reduce the
tension with c0, displacing down the contours of Fig. 10.1 (right) but leaving them almost
unchanged along the 𝒞 direction.
In the next section we will particularize our study to inflationary potentials with Sduality symmetry. In particular, we will explore the relevance of the distance Swampland
conjecture, which cannot be explored in a model independent way at any order.
10.1.3. S-duality strikes again
Dualities within gauge theories are striking as they relate a strongly coupled field theory
to a weakly coupled one, and thereby they are handy for evaluating a theory at strong
coupling, where perturbation theory breaks down, by translating it into its dual description
with a weak coupling constant; ergo, dualities point to a single quantum system which
has two classical limits. The U(1) gauge theory on ℝ4 is known to possess an electricmagnetic duality symmetry that inverts the coupling constant and extends to an action
of SL(2, ℤ) [778]. There are also many examples of S-duality in String Theory [779, 780].
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Figure 10.1.: (a) Relation between (r, ns ) and (𝒞, 𝒞 0) at LO and NLO, together with the
bound (10.11) (shaded region) for N = 50 and ∆φ = MPl . (b) Experimental constrains on
(𝒞, 𝒞 0) at LO and NLO from TT, TE, EE + lowE + lensing + BK15 + BAO data [777] (right).
In this section we examine potentials which are invariant under the S duality constraint
and confront them with experiment. Herein we do not attempt a full association with a
particular string vacuum, but simply regard the self-dual constraint as a relic of string
physics in inflationary cosmology. We adopt a phenomenological approach to expand the
inflationary potential in terms of a generic form satisfying the S-duality constraint and
then the determination of the expansion coefficients is data driven.
For a real scalar field φ, the S-duality symmetry is φ → −φ (or alternatively g → 1/g,
with g ∼ eφ/MPl ). In case there is an imaginary part, i.e. an axion, then the S-duality group
is extended to the modular group SL(2, ℤ). The S-duality constraint forces a particular
functional form on the inflationary potential: V(φ) = f[cosh(κφ/MPl )], where κ is a
constant [797].
A compelling property of inflationary potentials featuring S-duality symmetry is that
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they resolve the “unlikeliness problem”, which is typical of plateau-like potentials, e.g.,
(1)

V1 (φ) =

V0



M4Pl

2

φ2 − φ20

,

(10.21)

where V0 and φ0 are free parameters [798]. Note that the plateau region satisfies φ  φ0
terminating at the local minimum, and for large values of φ the potential grows as a
power-law ∼ V0 (φ/MPl )4 . This means that we have two paths to reach the minimum of
the potential: by slow-roll along the plateau or by slow-roll from the power-law side of
the minimum. The problem appears because the path from the power-law side requires
less fine tuning of parameters, has inflation occurring over a much wider range of φ, and
produces exponentially more inflation, but still CMB data prefer the unlikely path along
the plateau.
The simplest S self-dual form,

V2 (φ) =

(2)
V0





κφ
sech
,
MPl

(10.22)

solves the unlikeliness problem because it has no power-law wall. Moreover, it is easily seen
that for (10.21) and (10.22) the slow-roll parameters  and η are of the scale (φ0 /MPl )2 ∼ κ−1
and thus have similar inflationary growths; see Fig. 10.2. However, for (10.21) the slow-roll
parameters  and η grow fast near the end of inflation (φ ∼ φ0 ), but for the S self-dual
form  and η remain small because the potential has no local minimum. Thereby, φ cannot
exit the inflationary period.
To describe S-dual potentials for which inflation ends we adopt a polynomial expression
in the sech function. Without loss of generality, we can write it as

V(φ) = V0

N
Õ

an sech

n

n=0

under the condition that

Í





κφ
,
MPl

i ai

(10.23)

= 1, to ensure that V0 = V(0). Here, the normalization
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Figure 10.2.: Potential and slow-roll functions for the potentials defined by (10.21) (solid
line), and (10.22) with κ = 2 (dotted), κ = 5 (dashed) and κ = 10 (dot-dashed).
constant V0 and the expansion coefficients an are determined empirically by matching
experimental constraints. To determine the coefficients an we demand:
• N(φ∗ → φe ) ' 60, with φ∗ the field value when the k∗ scale crosses the horizon,
k∗ = aH;
• the NLO expression of r given in (10.18) to satisfy the 95% CL upper limit, i.e.
r < 0.069 [777];
• the NLO expression of the scalar spectral index ns given in (10.14) to match the upper
end of the measured 1σ value, ns ' 0.9698 [777].
The phenomenological expression in (10.22) could develop a minimum to support
dissipative oscillations at the cessation of the slow roll and reheating, and resolves
the unlikeliness problem. In order to analyze the model, it is convenient to define
y = sech(κφ/MPl ) and V(φ) = V0 f(y), with

f(y) =

N
Õ

an y n .

(10.24)

n=0

Without conflicting with S-duality, we restrict ourselves here to φ > 0 to guarantee a
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bĳection between y and φ. Note that y ∈ [0, 1] as φ ∈ [0, ∞). It is then easy to see that

Vφ = −V0

κ p
y 1 − y2 f0(y),
MPl


Vφφ = V0

κ
MPl

2 h

(10.25a)

i

y2 (1 − y2 )f00(y) + y(1 − 2y2 )f0(y) ,

(10.25b)

and


Vφφφ = V0

κ
MPl

3 p

h

y 1 − y2 − y2 (1 − y2 )f000(y) − 3y(1 − 2y2 )f00(y) − (1 − 6y2 )f0(y)

i

(10.25c)

which allow to obtain analytical expressions for , η and ξ.
Non-trivial potentials occur for N > 2. Here, we study the polynomial form in (10.22)
at lowest order, i.e. f(y) = a0 + a1 y + a2 y2 . From the initially four model parameters
(V0 , a1 , a2 , a3 ) the normalization condition V(0) = V0 (or f(1) = 1) allows to remove one of
them. The potential has a minimum, at which we can impose V = 0, removing another
constant. It is easily seen that in this case f can be rewritten as



y−β
f(y) =
1−β

2

,

(10.26)

where β ∈ (0, 1) is the position of the minimum. This corresponds to a potential



 2


φ0 
φ
 sech κ MPl − sech κ MPl 


V(φ) = V0 


 ,
φ0


1 − sech κ MPl





(10.27)

where β = sech (κφ0 /MPl ). A point worth noting at this juncture is that the the expansion
315

10. inflation under the swampland conjectures
of (10.23) is not hierarchical, i.e., the coefficients an should not necessarily become smaller
and smaller with larger n. Our choice is based on the complexity of the model, in which
larger N potentials would contain more free parameters and, under some conditions, more
maxima/minima. Note that an identification of (10.24) with (10.26) allows one to see
that a1 /a0 = −2/β and a2 /a1 = −1/2β and the hierarchy, if existing, is contingent on the
position of the minimum of the field φ0 and on κ.
In Fig. 10.3 we show a comparison between the model described by (10.27) and the one
introduced in (10.21). It is important to note that for small κ, both potentials become similar.
Indeed, up to 𝒪(κ3 ) terms,

V(φ) ≈

V0

"

(1)

V0

MPl
φ0

4

#

5 κ2 MPl 2 φ2
V1 (φ).
−
6 φ2 φ2
0

(10.28)

0

The zeroth order difference may be absorbed in the normalization of the potentials, so the
potentials can be made almost identical2 for

r
φ.

6 MPl
.
5 κ

(10.29)

Then, only a relatively large κ would produce substantial differences between both models
if we want to avoid using highly trans-Planckian fields. For larger fields, the differences
are more obvious, as V1 grows indefinitely while





V0
κφ0
lim V(φ) =
csch4
.
4
2MPl
φ→∞

(10.30)

The slow roll parameters can be now obtained from (10.25) and (10.26), and are given by

=

2κ2 y2 (1 − y2 )
,
(y − β)2

(10.31a)

2 To

the extent that their overall normalizations are irrelevant, as is the case for all quantities derived from
the slow roll parameters or the number of inflation e-folds.
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Figure 10.3.: Potential and slow-roll functions for the√potentials defined by (10.21) (solid
line), and (10.27) with κ = 1/2 (dotted), κ = ln(1 + 2) (dashed) and κ = 1 (dot-dashed).
The gray lines end of inflation ( = 1).

2κ2 y 1 − 2y2
η=
y−β


(10.31b)

and
4κ4 y2 y2 − 1 β + 2y 6y2 − 3βy − 2



ξ=

(y − β)3


;

(10.31c)

these can be easily combined with (10.14) and (10.18) to explore the parameter space in
terms of ns , r and N. The first step in that direction requires to find out the condition(s)
for slow roll to end. The potential under consideration allows for two types of slow roll
inflation: (i) one in which φ rolls down the potential towards a minimum at larger values,
and (ii) one in which a large field rolls down the potential towards smaller values. The
condition  = 1 may be rewritten as the quartic polynomial equation
y4 +

1 − 2κ2 2 β
β2
y
−
y
+
= 0,
2κ2
κ2
2κ2

(10.32)

which has, in principle, four complex roots, which may be obtained following Ferrari’s
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method [799]. For the polynomial y4 + qy2 + ry + s, the roots are found to be

r
y = σ1

u
+ σ2
2

r

−

u q
r
− − σ1 √ ,
2 2
2 2u

(10.33)

where σ1 and σ2 are two independent signs that generate the four solutions, and u is a
solution to the cubic equation u3 + qu2 + (q2 /4 − s)u − r2 /8 = 0. This can be reduced by a
change of variables u = v − q/3 to a depressed cubic equation v3 − (s + q2 /12)v − (2q3 +
27r2 − 72qs)/216 = 0. Such equation, generally v3 + av + b = 0, has a solution given by
√
√
√
Cardano’s formula v = 3 𝒜+ + 3 𝒜− , with 𝒜± = −b/2 ± ∆ and ∆ = (a/3)3 + (b/2)2 which,
reverting the changes of variables, is

∆=−


β2 
2 4
2
2 2
2 3
32κ
β
+
(1
−
8κ
(5
+
4κ
)β
−
(1
−
2κ
)
.
28 33 κ8

(10.34)

It is clear that the nature of the solutions depends on the sign of ∆, which is unconstrained.
The lines ∆ = 0, which separate both regions, may be solved explicitly for β. Out of the
four possible solutions, only

s
1
β0 (κ) =
8

3/2

(16κ2 + 1)
−
κ2

+ 32κ2 −

1
+ 40
κ2

(10.35)

is in the β ∈ [0, 1] and κ > 0 region. The previous equation determines a limit in the
p
√
√
κ > 1/ 2 region, value below which β0 becomes complex. Moreover, κ = 12 11 + 5 5
√
marks the point at which β = 1. For β > β0 (κ), ∆ > 0. Then κ < 1/ 2 ⇒ ∆ > 0 and
p
p
√
√
√
1
1
κ > 2 11 + 5 5 ⇒ ∆ < 0. Conversely, ∆ < 0 ⇒ κ > 1/ 2 and ∆ > 0 ⇒ κ < 2 11 + 5 5.
p
√
√
1
For 1/ 2 < κ < 2 11 + 5 5 the curve β0 (κ) separates both regions.
∆ > 0 — In this case, 𝒜± is real, and u may be written directly as u =

√3

√
𝒜+ + 3 𝒜− −q/3.

It it possible to see that 𝒜± > 0 over the region where ∆ > 0. Moreover, even if q > 0
somewhere, u > 0 everywhere. If σ1 = +1, y is real and σ2 generate both solutions. The
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case σ1 = −1 corresponds to complex solutions in all range where ∆ > 0. Then, the two
solutions of interest here are given by

r
y± =

u
±
2

r

−

u q
r
− − √
2 2 2 2u

(10.36a)

and

© b

u = −

2

s
+

 2
b
2

+

 a 3

«

1
3

© b
ª
® + − −
3
2
«
¬

s

 2
b
2

+

 a 3

1
3

q
ª
® − .
3
3
¬

(10.36b)

∆ < 0 — In this case, the solution to the cubic equation contains complex terms, and it

p

p

becomes convenient to define 𝒜± = 𝒜 exp(±iθ), where 𝒜 ≡ |𝒜± | = b2 /4 − ∆ = −(a/3)3
√
1
and θ = 2 arctan[ −∆/(𝒜 − b/2)], which allows to write v = 2𝒜 3 cos(θ/3) and see that it
is explicitly real. Moreover, as θ ranges in [0, π], cos(θ/3) is not negative. This, together
√
with the fact that q < 0 if κ > 1/ 2 makes u positive as well. In this region, though, both
values of σ1 generate real solutions. It is clear that σ1 = σ2 = −1 would yield a negative
solution, irrelevant in this case. Further investigation reveals that the other solution with
σ1 = −1 yields negative solutions as well. The other solutions are always contained in [0, 1].
Then, the solutions in this case are the same y± defined in (10.36a) where now u is better
expressed involving real numbers only as

r

"

a
2
u = 2 − cos
arctan
3
3

p

−(b/2)2 − (a/3)3

p

−(a/3)3 − b/2

!#
−

q
.
3

(10.37)

The parameters a, b and q used in all solutions above are

2

1 − 2κ2
β2
a=− 2 −
,
2κ
48κ4

(10.38a)
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Figure 10.4.: Exploration of the solutions y± to the end of inflation condition  = 1.

b=

β2 1 − 2κ2
12κ4



3

1 − 2κ2
β2
− 4−
,
8κ
864κ6

(10.38b)

and

q=

1 − 2κ2
.
2κ2

(10.38c)

The solutions y± to the end of inflation equation  = 1 are shown in Fig. 10.4. We recall
here that y− corresponds to a solution for smaller y (larger φ), and y+ to larger y (smaller
φ). We define y± = sech(κφ± /MPl ).
We can now proceed with our analysis noting that, besides the values of β and κ, which
determine the end of inflation, there is still freedom in choosing the value of the field
at the scale that corresponds to the experimental values. We call this φ∗± and define
δ± = ±(φ± − φ∗± )/MPl . We recall that the distance Swampland conjecture demands that
δ± . 𝒪(1). In terms of our model, when we are considering large fields (minus signs above),
the value of φ∗− is unbounded and δ− could take any positive value. Nevertheless, for
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small fields (plus signs above) δ+ is constrained so that φ∗+ > 0, which means δ+ < φ+ /MPl .
All in all, the corresponding values for y are



y∗± = sech arcsech y± ∓ κδ±



(10.39)

where δ+ < κ−1 arcsech y+ . A choice of values (β, κ, δ) and a branch (large or small φ)
specifies the model completely. In specifically, the values for y± and y∗± described above
can be used to calculate the slow roll functions at y∗± and, subsequently, the values of ns
and r; and the number of e-folds between y∗± and y± . Finally, we also study the number
of inflation e-folds produced corresponding to the different parameters, which can be
obtained from (10.9) to be
2β
N=



1
y∗±

−

1
y±



+ (1 − β) ln



1−y±
1−y∗±



+ (1 + β) ln



1+y±
1+y∗±



4κ2

− 2 ln



y±
y∗±


.

(10.40)

Our results for the large field solution (corresponding to y− ) with β = 0.5 are encapsulated
in Fig. 10.5. The results show a mixed degree of compatibility between the Swampland
conjectures and experimental data for the S-dual potential. The model itself can easily
accommodate the experimental constrains for some region of the parameter space (namely
κ & 1 and δ . 1), as ns , r, and 50 . N . 60 are all reproducible. We can further study the
compatibility between the de Sitter conjecture, the distance conjecture, and the experimental
results. It is clearly visible how the bound on 𝒞 from the de Sitter conjecture and the
requirement on ∆φ from the distance conjecture are in tension, as values of 𝒞 ∼ 𝒪(1) even
for the 95% CL lower limit on ns at 0.959 require δ  1. On the other hand, the de Sitter
bound on 𝒞 0 and the distance conjecture set bounds that get softer in the same direction of
decreasing r. In this case, 𝒞 0 is constrained by the data at the 95% CL lower limit on ns to
𝒞 0 & −0.02. Despite this experimental constraint being much stronger than the 𝒞 . 0.09,
there is no strong incompatibility with the distance conjecture.
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Figure 10.5.: Exploration of the (κ, δ) parameter space for a fixed β = 0.5. The dashed
curves in black (white) are for constant δ (κ). The solid lines contain the relations
between (𝒞, 𝒞 0) and (rs , r) for the model (i.e. for the actual ξ obtained from (10.31c)).
The experimental bounds are as in Fig. 10.1.
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Figure 10.6.: Value of N𝒞/δ, bound to be lower than one by (10.11), as a function of (κ, δ)
for β = 0.5.
As a final remark, we study the strength of Lyth’s bound (10.11) on the current model, i.e.
to which extent the model saturates such bound. In Fig. 10.6 we show the value of N𝒞/δ
as obtained from (10.40) as a function of κ and δ, which is bound above by 1 by means of
Lyth’s bound. It is visible that only for small values of δ Lyth’s bound is saturated.

10.1.4. Ambiguity in slow-roll parameter definitions and impact on the Swampland
conjectures
It is common in the literature to observe two different definitions of the slow-roll parameters,
one defined in terms of the Hubble parameter H, and other in terms of the potential V;
we have used the latter in previous sections. We have seen that the slow-roll parameters
of single field inflation defined by V are in tension with the Swampland conjectures. An
interesting question we explore in this section is whether these two choices of parameters
differ in a significant way, so that the tension with the Swampland conjectures can be
reduced.
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Accelerated expansion occurs as long as a¥ > 0, and, since
¤
H
a¥
=
1
+
,
aH2
H2

(10.41)

¤ 2 < 1. The slow-roll limit means that H is constant,
that condition may be rewritten as −H/H
as this is the only way to support exponential expansion with a = exp(Ht). The slow-roll
regime may be considered as that in which H changes slowly, which is what motivates the
definition of the dimensionless slow roll parameter as

H = −

¤
H
,
H2

(10.42)

for which H < 1 means accelerated expansion,   1 means slow-roll expansion, and
H = 0 means exponential expansion. Using the Friedmann equation
2

H =



1
3MPl 2

1 ¤2
V+ φ
2


(10.43)

and the equation of motion (10.3), this may be rewritten as
¤ 2 /2
Hφ
φ
=3
= 2MPl 2
¤ 2 /2
H
V +φ



H

2

,

(10.44)

¤ 2 = −2MPl 2 H.
¤ In order to connect this to the
where we have made use of the relation φ
V-parameters, we write
¥
¤
Hφ
Vφ + φ
3Hφ
=
,
=−
H
6MPl 2 H2 6MPl 2 H2

(10.45)

and

H =

MPl
2

2

¥
Vφ + φ
¤ 2 /2
V +φ

!2
.

(10.46)
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¤ 2 /2, in which case
The slow-roll condition H  1 directly implies that V  φ

H ≈

MPl
2

¥
Vφ + φ
V

2

!2
.

(10.47)

¥  |Vφ |, the approximation
If one further imposes the condition that | φ|
MPl 2 Vφ
≈
2
V



H

2
(10.48)

is valid. This motivates the definition of the V-parameter as
MPl 2 Vφ
V ≡
2
V



2

,

(10.49)

The question of whether H and V may be approximately equal depends on whether the
two approximations used to derive (10.48) are simultaneously satisfied. A glance at (10.44)
¤ → 0, H → 0 while V may take
suggests that they may not always be, as in the limit φ
any finite value. Moreover, one can rewrite the equation of motion as
¥ 2=
(Vφ + φ)

3
MPl

2

¤ 2 (V + φ
¤ 2 /2)
φ

(10.50)

¤ 2 doesn’t guarantee the smallness of φ
¥ with
to see that a condition on the smallness of φ
respect to Vφ unless Vφ is itself small. We conclude that, in general, both conditions
must be separately satisfied to guarantee the similarity between H and V . A more
comprehensive study of the differences between both parameters (as well as the second
order ones, ηH and ηV ), can be found in [800]. Here we highlight only the aspects relevant
for our discussion.
Given a specific potential V(φ), one can obtain a solution φ(t) to the equation of motion,
¤ 0) = φ
¤ 0 . This makes the difference
subject to the initial conditions φ(t0 ) = φ0 and φ(t
between V and H explicit, since at t = t0 the former depends only on φ0 while the latter
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¤ 0 . Therefore, the equality or similarity between V and H is a
depends on both φ0 and φ
¤ 0 ) that would guarantee both φ
¤ 2 /2  V and | φ|
¥  Vφ .
matter of a handpicked pair (φ0 , φ
This makes clear that the end of inflation condition H = 1 would yield different results
than V = 1. While the latter condition is the most commonly used, and is simpler to
evaluate due to its sole dependence on the shape of the potential, it is the former condition
that must be satisfied exactly, since it depends on the full solution of the scalar field
equation of motion.
A judicious choice of initial conditions on the field and its derivative at the time at which
the scale k∗ crosses the horizon should be able to accommodate multiple values of 𝒞 or
𝒞 0, potentially reducing the tensions with the Swampland conjectures, while remaining in
the H-dictated slow-roll regime. Nevertheless, keeping the de Sitter conjecture and the
observed number of inflation e-folds under control is not guaranteed in this situation. A
full study like the one presented in Sec. 10.1.3, adding these initial conditions, should be
considered if one aims to characterize the complete parameter space. Nevertheless, we
leave that for future work, as the increase in computational complexity escapes the aim
of this paper. Here, instead, we choose initial conditions that optimize the comparison
between the H-parameters and the V-parameters, rather than the generality of the study.
To remove part of the ambiguity caused by the freedom of choice in the initial conditions,
we consider t∗ (the time at which the scale k∗ crosses the horizon) as the starting point
for the solution to the equation of motion. In order to reduce the number of quantities
affected by the choice of parameters, we choose to leave the observable values of ns and r
unaffected. Since these values depend on  and η at t∗ , fixing the initial conditions on φ
such that H (t∗ ) = V (t∗ ) allows to remove any effect of this choice on them. This is just an
operational perspective that should allow us to compare the differences that H and V
have only in regard to the other observable, N. This condition amounts to
¤ 2 (t∗ ) =
φ

2V(φ∗ )
,
3/V (φ∗ ) − 1

(10.51)
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which may be rewritten in terms of y as3
√

2κ2 y0 2 (β − y0 ) 1 − y0 2
V0
.
y(t
¤ ∗) =
p
MPl (1 − β) 3(y0 − β)2 − 2κ2 y0 2 (1 − y0 2 )



(10.52)

In a similar manner as we proceeded before, we start by fixing the model parameters
(β, κ), and finding the end of inflation using the V (ye,V ) = 1 condition, and the value of
y∗ via (10.39), using a given value of δ, named here δV . With both y∗ and ye,V we can find
the value of NV using (10.40). To quantify the difference between the choice of V and
of H , we calculate the true end of inflation through the H (ye,H ) = 1 condition, which
provides a true value for δ, as δH = κ−1 (arcsech y∗ − arcsech ye,H ), and a true number of
e-folds NH as

NH

1
=−
MPl

∫ φe
φ∗

1
dφ
=
√
2H κ

∫ te,H
t∗

y¤

dt,
√
y 1 − y2 2H

p

(10.53)

where te,H is the true time at which inflation ends.
In Fig. 10.7a we show the relation between NV and δV , and NH and δH . While a full
analysis similar to that presented in Fig. 10.5 might be the only way to fully understand the
relevance of the parameter set choice, here it is visible how the difference ∆N ≡ NH − NV
grows both with κ and δ. We can see in Fig. 10.7b that for small values of κ, which are of
more interest in the study of the de Sitter conjecture on 𝒞, ∆N is small enough to make it
irrelevant, and no significant difference would be expected in that front. Regarding 𝒞 0, the
𝒞 0 & −0.02 experimental bound may be accommodated a bit easier regarding the number
of e-folds, as in that region the constraint V = 1 is underestimating the number of e-folds
by a few percent points of its true value.
Nevertheless, despite the minor changes introduced in relation to the Swampland
conjectures, Fig. 10.7b makes clear that the V = 1 condition might end inflation too early,
3 Only

the large φ (small y) solution (the negative sign in the y± notation) is considered here, as we deemed
it to be the interesting case. Otherwise, the initial derivative should be negative.
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Figure 10.7.: Comparison of the two end of inflation conditions, H = 1 and V = 1,
regarding their effect on the number of inflation e-folds and the parameter δ.
producing considerable underestimations of the actual number of e-folds.
We want to remind the reader that these results are obtained for β = 0.5, as was the
case with the results presented in and after Fig. 10.5. It must also be clarified that the
information presented in Fig. 10.7a and Fig. 10.7b is not in contradiction, unlike it may
seem. Fig. 10.7a presents the curves NH (δH ) and NV (δV ), so the horizontal axis is not the
same variable, and makes it seem that for a single δ, the V-based condition overestimates
the number of e-folds. Nevertheless, in Fig. 10.7b we show the curves evaluated at the
same value of δ. This is therefore comparing the two parameter choices for a fixed value
of the field excursion ∆φ. Under this circumstance, it is clearly seen that the V-based
conditions produce an underestimation of the number of inflation e-folds with respect to
the H-based ones.

10.1.5. Conclusions
We have analyzed the most general form of single-field S-dual inflationary potentials at
NLO in slow-roll parameters within the context of the Swampland program and confronted
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model predictions with experiment. We have found that to accommodate the 95% CL
limit on r < 0.068 form BICEP2/Keck Array + Planck + BAO data [776, 777] we require
c ∼ 𝒪(10−1 ). This requirement is in tension with the de Sitter conjecture. However, in the
spirit of [801], we can adopt a conservative approach and regard the de Sitter conjecture
as a parametric constraint where the inequality (10.1) holds, but the number c may not
be strictly 𝒪(1). Indeed, it is easy to established a mass hierarchy between the lightest
moduli field and and inflaton to accommodate c ∼ 𝒪(10−1 ) [801]. From this viewpoint,
constraints on inflation can then be used to constrain c. Still, as we have shown in Fig. 10.5
to accommodate c ∼ 𝒪(10−1 ) a δ ∼ 𝒪(10) would be required. To be able to match such a
large value of δ we must explore the subtleties of the distance conjecture, which asserts
that for any infinite field distance limit, an infinite tower of states becomes exponentially
light, and therefore EFTs are only valid for finite scalar field variations [624, 625, 632, 641,
642]. This in turn implies a quantum gravity cutoff associated to the infinite tower of
states, decreasing exponentially in terms of the proper field distance, ΛQG = Λself e−λ ∆φ ,
where ΛQG is the quantum gravity cutoff, Λself is the cutoff of the EFT, and λ is argued
to be of order unity in Planck units (see, however, [781, 782]). Now, since Λself 6 MPl we
have ∆φ 6 λ−1 ln(MPl /Λself ), which indicates that the maximum field variation actually
depends on the cutoff of the EFT [606]. We know that for EFT to describe inflation, its
cutoff must be above the Hubble scale, i.e. Λself > H. If we adopt the conservative bound
Λself ∼ H, then ∆φ . 10 MPl [802]. Needless to say, it should be stressed that the EFT will
likely break down (or at least get sensitive to the infinite tower) before the mass of the first
state becomes of order Hubble, so the constraints might be stronger than those derived
from the assumption Λself ∼ H. Next-generation CMB satellites searching for primordial
B-modes (e.g. PIXIE [803], CORE [804], and LiteBIRD [805]) will reach a 95%CL sensitivity
of r < 0.002. This will allow discrimination between small-field ∆φ < MPl and large-field
∆φ > MPl inflationary models, and will provide a final verdict for the ideas presented and
discussed in this paper.
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As a final remark, it would be interesting to study the full parameter space using the
H-parameters introduced in Sec. 10.1.4 rather than the V-parameters. As stated there, the
increase in the number free parameters would make it more feasible to reduce the tension
with the Swampland conjectures. An analysis like the one presented here in which the
H-parameters are used in full is left for future work.
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d y n a m i c s of non-minimal dark
s e c t o r s and the H 0 tension

In this chapter, we dive deeper into the Hubble constant tension. We consider a
model in which several dark matter species evolve throughout the cosmological
history. These particles can decay, without mixing with the standard model, into a
dark radiation field. We implement a Markov chain Monte Carlo bayesian analysis
to confront the large number of model parameters with a dataset comprised
of multiple measurements of the Hubble parameter for low redshift, obtained
as distance vs. redshift data for supernova and galaxies, as well as large scale
structure information from baryon acoustic oscillations. Armed with these
tools, we explore how the data constrains the number of fields, as well as their
abundances and decay rates.
Published works
“Decay of multiple dark matter particles to dark radiation in different epochs does not
alleviate the Hubble tension”. In: Physical Review D 105.10 (May 2022), p. 103512. doi:
10.1103/physrevd.105.103512.
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11.1. Decay of multiple dark matter particles to dark radiation in different
epochs does not alleviate the Hubble tension
Decaying cold dark matter (CDM) has been considered as a mechanism to tackle the
tensions in the Hubble expansion rate and the clustering of matter. However, polarization
measurements of the cosmic microwave background (CMB) severely constrain the fraction
of dark matter decaying before recombination, and lensing of the CMB anisotropies by
large-scale structure set strong constraints on dark matter decaying after recombination.
Together, these constraints make an explanation of the Hubble tension in terms of decaying
dark matter unlikely. In response to this situation, we investigate whether a dark matter
ensemble with CDM particles decaying into free streaming dark radiation in different
epochs can alleviate the problem. We find that it does not.

11.1.1. Introduction
Shortly after high-resolution experiments heralded the field of precision cosmology, lowand high-redshift observations gave rise to a tension in the measurement of the presentday expansion rate of the Universe (H0 ) and the clustering of matter (S8 ). Assuming
the standard Λ cold dark matter (CDM) cosmological model, the Planck Collaboration
examined anisotropies in the cosmic microwave background (CMB) temperature and
polarization fields to infer that the Universe is expanding 67.27 ± 0.60 kilometers per second
faster every megaparsec [601], whereas the most influential measurements of the late
Universe by the SH0ES experiment, peg the Hubble constant at 73.2 ± 1.3 km/s/Mpc [806].
For a recent compilation of other late Universe H0 measurements, see e.g. [807]. When
the late Universe measurements are averaged in different combinations, the H0 values
disagree between 4.4σ and 6.3σ with the one reported by the Planck Collaboration [616].
The statistical significance of the mismatch between the high S8 value estimated by the
Planck Collaboration assuming ΛCDM and the lower value preferred by cosmic shear
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measurements is somewhat smaller at ∼ 3σ [808]. It is desirable that the H0 and S8 tensions
be addressed simultaneously, but currently none of the proposed models have done so to a
satisfactory degree [809–811].
In CMB parlance, θLS ≡ rLS /DM (zLS ) is the angular size of the sound horizon at the last
scattering (LS) surface, where rLS is the linear size of the sound horizon (i.e., the comoving
distance traveled by a sound wave from the beginning of the universe until recombination)
and DM (zLS ) =

∫ zLS
0

dz/H(z) is the comoving angular diameter distance from a present

day observer to zLS , with H(z) the redshift-dependent expansion rate. Since θLS can be
precisely measured from the locations of the acoustic peaks in the CMB temperature and
polarization anisotropy spectra, given rLS , an estimate of H0 follows from DM (zLS ).
Several models in which an unstable component of multicomponent CDM decays into
dark radiation have been proposed to relax the H0 and S8 tensions [812–819]. These models
can be classified according to the particle’s decay width Γ . For models with short-lived
particles, viz. Γ & 106 Gyr−1 , CDM is depleted into dark radiation at redshifts z > zLS ,
thereby increasing the expansion rate while reducing the comoving linear size of the sound
horizon [812–814]. Since the value of θLS is a CMB observable that must be kept fixed, a
reduction of rLS simultaneously decreases DM (zLS ) and increases H0 . For models with
long-lived particles, CDM is depleted into radiation at z < zLS and matter-dark energy
equality is shifted to earlier times than in ΛCDM, allowing for an increase in H0 at late
times [815, 816]. Furthermore, two-body decays that transfer energy from CDM to dark
radiation at redshift z < zLS reduce the matter content in the late universe to accommodate
local measurements of S8 [817–819]. For Γ & H0 ∼ 0.7 Gyr−1 , most of the unstable dark
matter particles have disappeared by z = 3 (with implications for IceCube observations
if sterile neutrinos play the role of dark radiation [375, 820]), whereas for Γ . H0 , only a
fraction of the unstable dark matter particles have had time to disappear.
A point worth noting is that the most recent CMB data severely constrain the fraction of
unstable dark matter in all of these models [821–826]. On the one hand, the fraction of
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short-lived particles is strongly constrained by CMB polarization measurements [825, 826].
On the other hand, the lack of dark matter at low redshifts reduces the CMB lensing power
which is at odds with data from Planck [821–823]. The inclusion of measurements of baryon
acoustic oscillations (BAO) yields even tighter constraints on the fraction of long-lived
particles [824, 825]. All in all, current bounds on the fraction of decaying particles in the
hidden sector make a solution to the H0 tension in terms of decaying dark matter unlikely.
It remains to be seen, however, whether a combination of these scenarios, with multiple
dark matter particles decaying in different epochs, can ameliorate this tension.
Dynamical dark matter (DDM) provides a framework to model the decay of a dark matter
ensemble across epochs [827]. In the DDM framework, dark matter stability is replaced
by a balancing of lifetimes against cosmological abundances in an ensemble of individual
dark matter components with different masses, lifetimes, and abundances. This DDM
ensemble collectively describes the observed dark matter abundance. How observations of
Type-Ia SNe [590] can constrain ensembles comprised of a large number of cold particle
species that decay primarily into dark radiation was explored in Ref. [828]. In this paper,
we investigate whether CDM particles decaying in different epochs can alleviate the H0
tension.

11.1.2. Cosmology of dark matter ensembles
Inferences from astronomical and cosmological observations are made under the assumption that the Universe is homogeneous and isotropic, and consequently its evolution can be
characterized by a spatially flat Friedmann-Robertson-Walker line element,





ds2 = −dt2 + a2 (t) dx2 + dy2 + dz2 ,

(11.1)

where (t, x, y, z) are comoving coordinates and a(t) is the expansion scale factor of the
universe.
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The dynamics of the universe is governed by the Friedmann equation for the Hubble
parameter H,
H2 (a) =

8πG Õ
ρi (a) ,
3

(11.2)

i

where G is the gravitational constant and the sum runs over the energy densities ρi of the
various components of the cosmic fluid: dark energy (DE), dark matter (DM), baryons (b),
photons (γ), and neutrinos (ν). In terms of the present day value of the critical density
ρcrit,0 = 3H20 /(8πG), the Friedmann equation can be recast as

2

H (a) =



H20

Ωb a−3 + Ωγ a−4

 ∫1

ρν (a)
+
ΩDE exp 3
ρcrit,0

a



1+w 0
ρDM (a)
da +
0
a
ρcrit,0



, (11.3)

where Ωi = ρi,0 /ρcrit,0 denote the present-day density fractions, and the 0 subscript
indicates quantities evaluated today, with a0 = 1. The energy densities of non-relativistic
matter and radiation scale as a−3 and a−4 respectively. The scaling of ΩDE is usually
described by an “equation-of-state” parameter w ≡ pDE /ρDE , the ratio of the spatiallyhomogeneous dark energy pressure pDE to its energy density ρDE . The observed cosmic
acceleration demands w < −1/3. Herein we ascribe the DE component to the cosmological
constant Λ, for which w = −1, and assume three families of massless (Standard Model)
neutrinos. With this in mind, Eq. (11.3) can be simplified to

"

ρDM (a)
H2 (a) = H20 Ωb a−3 + (Ωγ + Ων ) a−4 + ΩΛ +
ρcrit,0

#
.

(11.4)

We consider a hidden sector with multiple dark matter particles with different lifetimes.
The ensemble is made up of N particle species χn , with total decay widths Γn ≡ 1/τn ,
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where n = 1, 2, · · · , N. They decay via χn → ψψ, where ψ is a massless dark sector particle
that behaves as dark radiation. The initial abundances ρn (aprod ), are regulated by early
universe processes and are fixed at aprod  aLS , with tprod  τn , where aLS is the scale
factor at last scattering. For simplicity, we assume that all particles in the ensemble are
cold, in the sense that their equation-of-state parameter may be taken to be wn ≈ 0 for all
t > tprod .
The evolution of the energy densities ρn of each particle species and of the massless dark
field ρψ are driven by the Boltzmann equations,
dρn
+ 3Hρn = −Γn ρn
dt

(11.5)

N
Õ
dρψ
+ 4Hρψ =
Γ n ρn ,
dt

(11.6)

and

n=1

respectively. In Eqs. (11.5) and (11.6) we have omitted the collision terms associated with
inverse decay processes of the type ψψ → χn , because their effect on the ρn and ρψ is
negligible. Our goal is to solve these equations to obtain the evolution of the Hubble
parameter (Eq. 11.4), which may then be used to determine the free parameters of the
model by imposing the following constraints derived from cosmological observations:
• The baryonic matter and radiation densities [476],
– Ωb h20 exp = 0.02237(15),
– Ωγ h20 exp = 2.473 × 10−5 (Tγ,0 /2.7255 K)4 , where Tγ,0 = 2.7255(6) K is the current
temperature of the CMB photons,
with H0 = 100 h0 km/s/Mpc.1 A point worth noting is that the baryon density
inferred from Planck data is in good agreement with the Ωb h20 determination from
1 Note

that we use h0 for what is usually referred to as h in the literature, as we consider h to be the time
dependent parameter naturally defined as h(a) = H(a)/(100 km/s/Mpc).
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measurements of the primordial deuterium abundance (D/H) in conjunction with
big bang nucleosynthesis (BBN) theory [829, 830]. We have verified that variations of
Ωb h20 within observational and modeling uncertainties do not change our results.
• The neutrino number density per flavor α is fixed by the temperature of the CMB
photons,

nνα ,0 =

6 ζ(3) 3
3
T ∼ 113 cm−3 .
nγ,0 =
11
11π2 γ,0

(11.7)

The energy density depends on the neutrino masses mν . Under our assumption that
mν  Tν,0 = (4/11)1/3 Tγ,0 ,
7π2 4
=
120 11



ρνα ,0

 4/3

4
Tγ,0
.

(11.8)

• The extra relativistic degrees-of-freedom in the early universe is characterized by the
number of “equivalent” light neutrino species,

Neff ≡

ρR − ργ
,
ρν

(11.9)

in units of the density of a single Weyl neutrino ρν , where ρR is the total energy
density in relativistic particles and ργ is the energy density of photons [672]. For three
families of massless (Standard Model) neutrinos, NSM
= 3.046 [673]. Combining
eff
CMB and BAO data with predictions from BBN, the Planck Collaboration reported
Neff = 3.04±0.22 at the 95% CL [601], which corresponds to ∆Neff = Neff −NSM
< 0.214.
eff
In our model, ρR = ρν + ρψ , so that



∆Neff

8 11
=
7 4

 4/3

ρψ (aLS )
.
ργ (aLS )

(11.10)

The above 95% CL bound requires our model to satisfy ρψ (aLS ) . 0.1 ργ (aLS ).
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• Setting ρDM = ρψ +

ÍN

n=1 ρn ,

the evolution of the Hubble parameter must accommo-

date a diverse set of measurements of H(z) at z 6 2.35, described in more detail in
§11.1.4.1. While some of those measurements are independent of any cosmological
model, others rely on BAO data, and a prior on the radius of the sound horizon
evaluated at the end of the baryon-drag epoch (rd ) ought to be imposed. This value
may be separately obtained from a model dependent analysis of early universe CMB
data (rd,e ), or from model independent parametrizations constrained by low redshift
probes (rd,l ). We employ the measurement for rd,e in model 1 (base ΛCDM model
with Neff ) [811]: rd,e = (148.3 ± 1.9) Mpc. For the local universe measurement, we
use rd,l = (137 ± 3stat ± 2syst ) Mpc [831].2

11.1.3. Setting up the system of Boltzmann equations
In order to study the low redshift behavior of the Hubble parameter, we need to solve
the system of first order non-linear differential equations formed by the N + 1 Boltzmann
equations for the dark sector, together with the Friedmann equation. Although Eq. (11.5)
can be analytically reduced to ρn a3 exp(Γn t) = constant, this does not provide an advantage

∫

in solving the system, since t ∼ da/aH and H is a function of ρn and ρψ . We therefore
proceed to a fully numerical solution of the problem.
We ease this task by defining ρ̃i ≡ ρi /ρcrit,0 and Γ̃i ≡ Γi /(100 km/s/Mpc) to render the
equations and free parameters dimensionless. Also, we use u ≡ ln a as an independent
variable. This allows to rewrite Eqs. (11.4), (11.5) and (11.6) as
dρ̃n
Γ̃n ρ̃n
+ 3ρ̃n +
= 0,
du
h(u)

(11.11a)

that the values of Ωb h20 obtained for model 1 of [811] are consistent at the 1σ level with the Particle
Data Group value [476]. We also note that the limits on ∆Neff from the analysis of model 1 of [811]
are more restrictive than our adopted bound, ∆Neff < 0.214, because BBN considerations (which relax
the bound) were not taken into account in the analysis of [811]. To be conservative, we use the bound
reported by the Planck Collaboration [601].

2 Note
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N

dρ̃ψ
1 Õ
+ 4ρ̃ψ −
Γ̃n ρ̃n = 0 ,
du
h(u)

(11.11b)

n=1





h2 (u) = h20 Ωb e−3u + Ωr e−4u + ΩΛ + ρ̃DM (u) .

(11.11c)

The system of equations must be supplemented with N + 1 initial conditions, i.e., uprod .
We define ρ̃1,prod ≡ ρ̃1 (uprod ), and assume that the production of dark radiation in the very
early universe is negligible, so that ρ̃ψ (uprod ) = 0.
It is worth mentioning that Eq. (11.11c) satisfies h(0) = h0 only if Ωb +Ωr +ΩΛ +ΩDM = 1,
where ΩDM ≡ ρ̃DM (0). This is not the case for arbitrary initial conditions so this consistency
condition must be imposed after solving the system of equations. To do so, we first set
Ωb h20 and Ωr h20 to their measured values, fix all model parameters save one, and then
vary the remaining parameter until the consistency condition is met. We choose the initial
density ρ̃1,prod to be determined by the consistency condition, and is given by the root of
the function,
𝒢(ρ̃1,prod ) ≡ α + h20 (ΩΛ + ΩDM − 1) ,

(11.12)

where α ≡ Ωb h20 + Ωr h20 exp ≈ 0.0224. Note that ρ̃DM,0 is implicitly dependent on ρ̃1,prod .
11.1.4. Observational datasets and statistical methodology
11.1.4.1. The data
In the following we provide a succinct description of the data we use to constrain the dark
matter ensembles.
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Supernovae magnitudes We use the Pantheon Sample [590], consisting of a combination
of high quality measurements of supernovae spectrally confirmed to be type Ia, and cross
calibrated between different experiments to reduce systematics. Specifically, we use (z, mB )
data from 1048 supernovae with z ∈ [0.01, 2.26] to constrain the luminosity distance,

∫z
DL (z) ≡ (1 + z) c
0

dz0
,
H(z0)

(11.13)

which may also be written as

∫z
d(z) ≡ (1 + z)
0

dz0
,
h(z0)

(11.14)

and are related by d(z) = DL (z)100 km/s/Mpc/c. In terms of the distance modulus,
DL = 101+(mB −MB )/5 pc, where mB and MB are the apparent and absolute magnitudes of
the source. This may be rewritten as mB = MB + A + 5 log d(z), with A = 5 log[c/(m s−1 )].

Hubble parameter

As a direct measurement of the Hubble parameter at low redshift, we

use Observational Hubble Data (OHD) inspired by Table III of [832]. The data use the
relative ages of nearby (in z) galaxies, to obtain an approximation to dz/dt, from which
the Hubble parameter can be estimated as described in Ref. [833]. The measurements are
solely dependent on models that describe the spectral evolution of stellar populations and,
therefore, independent of any cosmological model. The data we use is derived using the
model in [834], and contains 30 data points from Refs. [712, 714, 715, 718, 719, 835, 836]
with z ∈ [0.07, 1.965].
Large scale structure We include the large scale structure information in BAO data.
Following [832], we use data from the 6dF Galaxy Survey [837], the Sloan Digital Sky
Survey (SDSS) [838–849], and Dark Energy Survey (DES) [850], totaling 35 measurements
with z ∈ [0.106, 2.35]. The quantities rd /DV , DV /rd , DA /rd , DH /rd , DM /rd and H rd
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are directly measured from BAO data. The different distances are related by DH = c/H,
DM = DL /(1 + z), DA = DL /(1 + z)2 , and D3V = zD2M DH . These data points must be
supplemented by an experimental value for rd which is either the local (rd,l ) or the early
universe (rd,e ) value, introduced in §11.1.2.

Hubble constant

As a last data point, we include the expansion rate of the local (z ≈ 0)

Universe, H0 = (73.2 ± 1.3) km/s/Mpc [806]. This data point is only included in the analysis
with the local value rd,l ≈ 137 Mpc.3

11.1.4.2. The likelihood
We now introduce the ingredients of our data analysis. Assuming Gaussian errors in the
measurements, we write the likelihood of the data given the cosmological model as

L=𝒜

4
Ö
p=1

exp −

χ2p
2

!
,

(11.15)

where the partial chi-squared,

χ2p

=


𝒩p 
Õ
yp,i − ℱp (zp,i ) 2
i=1

σp,i

,

(11.16)

is obtained from the data of the pth combined sample, and 𝒜 is a normalization constant
which depends on whether the local or the early universe value of rd is used. Specifically,
log 𝒜l ≈ 1208 and log 𝒜e ≈ 1212. These combined samples are obtained from the original
data variables (collectively called x below). In the following, k ≡ 100 km/s/Mpc:
1. (z, h) from OHD and BAO, with ℱ1 (z) = h(z):

3 We

verified that employing the very recent estimate, H0 = 73.04 ± 1.04 km/s/Mpc [851], does not modify
our results.
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11.1.4.3. Ambiguity in the choice of N
We consider N to be a fixed parameter that specifies the model, while the other parameters
can vary within each model. However, the choice of N can become somewhat ambiguous
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depending on the values taken by the other parameters. For example, a model with N = 1
is not distinguishable from one with N = 100 in which all but one of the initial conditions
are small enough to make their evolution inconsequential. Although the ontology of
these models is different, they would be indistinguishable. To resolve this ambiguity, we
enforce constraints on the free parameters such that, once N is chosen, all the N fields are
of relevance, in the sense described below.
The field corresponding to ρ̃n appears in the system in two ways: as a term in the total
energy density, and as a source in the equation for ρ̃ψ . A field is directly relevant at u if its
contribution to the energy density at u is not negligible, and indirectly relevant at u if its
contribution to ρψ at u is not negligible. We assign a zero prior to points in the parameter
space for which at least one field is both directly and indirectly irrelevant globally (which
holds for almost all u), with the goal of assigning definite meaning to the specification of N.
We consider the kth field to be directly irrelevant globally if it becomes directly irrelevant
within the very early evolution of the system. This may be caused by either a low initial
density or a high decay rate. For the first case, we define the first irrelevance condition,
(k)

𝒞1

: ρ̃k,prod /ρ̃1,prod < ερ .

(11.17)

We take ρ̃1,prod as a reference because it has the lowest decay rate, making it most relevant
in the long term. Therefore, if a field’s density is initially small with respect to ρ̃1 , it will
always become smaller as the system evolves.
Unless the lowest decay rate Γ̃1 is very high, the Universe will initially be dominated by
√
radiation. In this regime, the Hubble parameter is h = h0 Ωr a−2 , and the densities evolve
as

ρi (a) = ρi,prod

 aprod  3
a



e

−βi a2 −a2prod



,
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ρψ (a) = a

−4

∫a

a03 ℱ (a0) da0 ,

(11.18b)

aprod

q

where βi ≡ Γ̃i /2 Ωr h20 and

ℱ (a) ≡

2a3prod Õ
a

βi ρi,prod e

−βi (a2 −a2prod )

.

(11.19)

i

This allows to establish βk a2prod as a measure of how quickly a field decays initially, and
define the second irrelevance condition,
(k)

𝒞2

: βk a2prod > εβ .
(k)

If either of 𝒞1

(k)

or 𝒞2

(11.20)

holds, ρ̃k is considered directly irrelevant globally.

The definition of indirect irrelevance requires more nuance, since a field may be directly
irrelevant (by having a small initial energy density or a very large decay rate) and still
modify the evolution of ρψ significantly.
After integration, Eq. (11.18b) can be written explicitly in terms of the contributions of
each ρ̃i to ρ̃ψ as ρ̃ψ =

gi (a) ≡ ρ̃i,p

Í

i gi (a),

 aprod  4
a

"
1−

with

a
aprod

e

−βi (a2 −a2prod )

√

r
+

π βi a2prod erf
e
βi

√



βi a − erf
2aprod

βi aprod

#
. (11.21)

These functions peak at some a ∈ [aprod , 22/3 aprod ], depending on the value of βi . As
can be seen from the left panel of Fig. 11.1, the peaks approach aprod for large βi , and
22/3 aprod for small βi . This reflects the fact that fields with large decay rates quickly transfer
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Figure 11.1.: Peak locations of gi (a) for uprod = −20 (left), and the evolution of the
contributions to ρ̃ψ by different ρ̃i for several values of βi (right).
all their energy to ρψ , which then decays as a−4 . For fields with low decay rates, the
continuous energy injection to ρψ makes the decay slower than a−4 . A comparison of these
contributions for different combinations (ρ̃i,p , βi ) is shown in the right panel of Fig. 11.1.
After all contributions pass their maxima at a = 22/3 aprod , the ratio gi (a)/g1 (a) of
the contributions from ρ̃i and ρ̃1 to ρψ always decreases, since ρ̃1 corresponds to the
slowest decaying field. We can therefore use the ratios gk /g1 to discriminate relevant from
irrelevant fields, in the indirect sense. We say that a field is indirectly irrelevant if
(k)

𝒞3

:

gk (a)
g1 (a)

< εg ,

(11.22)

a=22/3 aprod

which allows discrimination between models in which some field contributions to ρψ
become negligible very early.
Besides the conditions mentioned above, there is one additional way in which the value
of N is ambiguous. If there are multiple fields for which βi a2prod > 1/εβ and they reach
their maximum contribution to ρψ very early, their overall contribution to ρ̃ψ is

Õ
i

gi (a) =

 aprod  4 Õ
a

ρ̃i,p ,

(11.23)

i

which is indistinguishable from a single field with initial density

Í

i ρ̃i,p

and a very large

decay rate. We therefore impose an additional condition, which is that at most one field
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Table 11.1.: Prior ranges for h0 , ΩΛ and MB .
parameter
range
√
h0
[ α, 1]
ΩΛ
[0, 1 − α/h20 ]
MB
[−25, −15]
has a decay rate such that βi a2prod > 1/εβ . Since the largest decay rate is that of i = N, this
condition can be expressed as
𝒞0 : βN−1 a2prod < εβ .

(11.24)

These conditions can be implemented as a prior in the Bayesian method described below,
so that, for each N, we exclude the regions of the parameter space that contain at least
one field that is both directly and indirectly irrelevant. Said differently, if either 𝒞0 is
(k)

true, or if there exists a k such that (𝒞1

(k)

(k)

∨ 𝒞2 ) ∧ 𝒞3

is true, then we assign a null prior

to the model. For the models studied below, we choose conservative conditions with
(ερ , εβ , εg ) = (10−25 , 2 × 105 , 10−10 ).

11.1.4.4. The Markov Chain Monte Carlo
We use a Markov Chain Monte Carlo (MCMC) Bayesian method to study how the data
constrains the model parameters. We implement an adaptive Metropolis algorithm as
described in Ref. [852], in which a fixed proposal distribution is used for some small
number of steps at the beginning of the chain, after which the covariance matrix of all
previously sampled points is used as the covariance matrix for a multivariate normal
proposal distribution. This allows the chain to adapt to the vastly different variances along
different dimensions.
We consider a prior comprised of bounded uniform distributions on the cosmological
parameters h0 and ΩΛ , and MB , in the intervals in Table 11.1. The lower limit on h0 and
the upper limit on ΩΛ are to ensure positivity of the energy densities.
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The priors on the initial conditions and the decay rates are also uniform with bounds
chosen to implement the relevance conditions defined in §11.1.4.3.

11.1.5. Numerical Analysis
We begin by presenting the results of the fit for a few cases of relatively low N (1, 2 and
10) with ΛCDM as the baseline model. We first show the posterior distributions for the
cosmological parameters h0 and ΩΛ , together with MB , which are common to all models.
The 1D and 2D 68% CL and 95% CL distributions are shown in Fig. 11.2. Clearly, none of
the models differ from ΛCDM in their predictions for h0 and MB , while predictions for
ΩΛ differ significantly. A large increase in ΩΛ occurs for N = 1, a case in which the only
decaying field has to account for all the dark matter during the evolution. Nonzero decay
rates produce low values of ΩDM unless the initial density for the field is high, which is
incompatible with the early universe data. Therefore, there is more room for dark energy.
As the number of fields increases, the decay rate of the slowest decaying field decreases,
allowing for an overall increase in ΩDM .
Regarding the model parameters (decay rates and initial densities), the results point to
a slowly decaying field and a collection of fields decaying in the very early universe. In
Fig. 11.3 we show the decay rate Γ̃1 of the slowest decaying field. Note that by definition, a
value of order unity is approximately the age of the Universe.
In the N = 2 case, there is an additional decaying field besides the slowly decaying field
of Fig. 11.3. The posterior distribution for its decay rate becomes flat at its maximum value,
so that the field decays in the very early Universe. Thus, we conclude that with two fields,
one has a decay rate close to zero, while the other has a vanishing lifetime. This explains
why the results for N = 1 and N = 2 in Fig. 11.2 are so similar.
The posterior distributions for the parameters in the N = 10 case show more structure,
due to the imposition of the relevance conditions on the decay rates. Nevertheless, we
decide not to include them here since Fig. 11.2 already shows that the model cannot affect
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Figure 11.2.: 1D and 2D 68% CL and 95% CL posterior distributions for h0 , ΩΛ and MB
for the ΛCDM and N = 1, 2, 10 models. In the 1D posteriors, the solid lines are for
rd,l and the dashed ones for rd,e . These two values produce separate islands in the 2D
contour plots, with lower h0 and MB for rd,e than for rd,l . This clearly shows how the
discrepancies in H0 , MB and rd are related.

348

dat_N1e

dat_N1l

dat_N10e

dat_N10l

1 1 . dynamics of non-minimal
dat_N2e dark sectors
dat_N2l and the H 0 tension

N = 1, rd, e
N = 2, rd, e
N = 10, rd, e

0.5

1.0

N = 1, rd, l
N = 2, rd, l
N = 10, rd, l

1.5

1
Figure 11.3.: Decay rates of the slowest decaying field for N = 1, 2, 10 and both values of rd .
h0 significantly.
We now consider a large ensemble of fields and a simple parametrization for their initial
densities and decay rates [828]:
Γ̃n = Γ̃1 1 + (n − 1)δ ∆



ξ

,

ρ̃n,prod = ρ̃1,prod 1 + (n − 1)δ ∆



(11.25a)

ζ

.

(11.25b)

We choose δ = 1 and ∆ = 0.1 and perform a similar analysis to the one presented above,
for the cosmological parameters and (Γ̃1 , ρ̃1,prod , ξ, ζ). Here, the relevance conditions
introduced in 11.1.4.3 must also be taken into account. They directly constrain the ξ, ζ
parameter space for a given N. We choose N = 100 as a compromise between computing
time to solve the system of equations and a large enough number of fields that the decay
times and initial densities are distributed smoothly between the slowest and the fastest
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decaying fields. The results are encapsulated in Fig. 11.4. In Fig. 11.5 we show a comparison
of the relevant parameters with those obtained for the ΛCDM model. It is evident that this
model does not address the Hubble tension in a more satisfactory way than the small N
models.
Finally, for completeness, in Fig. 11.6 we show the derived posterior distribution for
the calculated values of ∆Neff . We see that in all the cases the contribution to ∆Neff is
comfortably below the bound given in Eq. (11.10). Note also that for N = 2, the contribution
to ∆Neff is consistent with the value reported in model 1 of [811].

11.1.6. Conclusions
To address the Hubble tension, we examined dark sectors containing a large number of
decaying degrees of freedom with no trivial dynamics, with a focus on decay processes
that take place entirely among the dark constituents. We further restricted ourselves to
ensembles in which CDM particles decay primarily to dark radiation in different epochs.
We showed that the data favor stable dark matter particles and that a resolution of the H0
tension with this type of dark matter ensemble is elusive.
In closing, we comment on some interesting extensions that could potentially evade our
conclusion. Perhaps the most compelling of these are models in which decays to final
states that include other relativistic massive particles occur. This allows for a dynamic
equation of state. It was recently shown in Ref. [853] that the combination of such an
N = 2 model and an early period of dark energy domination which reduces the linear
size of the sound horizon can ameliorate the H0 tension to within the 95% CL. The early
dark energy is modeled by a scalar field that behaves like a cosmological constant at high
redshifts (z > 3000) which then gets diluted at the same rate or faster than radiation as
the universe expands [649]. We anticipate that in principle, a similar reduction of the
acoustic horizon may be obtained by enlarging the dark matter ensemble to allow for very
short-lived constituents that decay into particles that are born relativistic but behave as
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Figure 11.4.: 1D and 2D posterior distributions for all free parameters of the N = 100 model.

351

1 1 . dynamics of non-minimal dark sectors and the H 0 tension

N = 100
CDM

0.78
0.76
0.74
0.72
0.70

MB

19.2

19.3

19.4
0.68 0.70 0.72 0.74
h0

0.70

0.74

0.78

19.4

19.3
MB

Figure 11.5.: 1D and 2D posterior distributions for h0 , ΩΛ and MB for ΛCDM and N = 100.
In the 1D posteriors, the solid lines are for rd,l and the dashed ones for rd,e .
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Figure 11.6.: 1D posterior distributions for ∆Neff for N = 1, 2, 10, 100.
CDM before recombination. Our conclusion may also be evaded in models characterized
by an ensemble in which the CDM particles decay into self-interacting dark radiation
(as in stepped fluids [854]), and models in which the ensemble couples to the dark energy
sector through a quintessence field (as in string backgrounds with Standard Model fields
confined on Neveu-Schwarz 5-branes [740]).
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This thesis focused on several aspects of astrophysics, cosmology and particle physics.
Specifically, the field of cosmic ray physics is the perfect playground to put together
different areas of research in an intricate way of mutual feedback, both in the theoretical
and observational fronts. The epitome of this phenomenon is the analysis of hadronic
models with the ensemble of data provided by ultra-high energy cosmic rays. In order to get
a consistent picture of all phenomena involved, we must understand (i) what is the correct
way to describe cosmic ray interactions with atmospheric nuclei an order of magnitude
above LHC center of mass energies, (ii) what is the observed energy spectrum of UHECR
on Earth, (iii) what is the composition of UHECR, (iv) what are the sources that produce
UHECR, (v) what are mechanisms that accelerate cosmic rays in those sources, (vi) what
are the nucleus-dependent interactions that UHECRs undergo on their propagation to
Earth, (vii) what is a proper description of the galactic magnetic field that deflects from
their line of sight nuclei on their way to Earth, (viii) what are the biases we may be victims
of in the modeling of UHECR air showers that may distort out understanding of the cosmic
rays arriving on Earth.
Uncertainties in either of these categories obscure our possibilities of understanding the
other ones. For instance, the galactic magnetic field is strongly related to the composition
and the source identification, as studied in §4. Energy and species dependent propagation
effects, such as those described in §3.2, highlight the relation between our understanding
of those effects and that of UHECR energy spectrum and composition. Uncertainties on
shower modeling, composition and hadronic physics are in a triangle of influence that only
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improved experimental techniques and deeper theoretical understanding of both cosmic
ray and heavy ion collisions could break. These topics were explored in §6.
The heavy ion and cosmic ray physics community are in an era in which collaboration is
vital. In particular, the development of quark-gluon plasma computer models [855–857]
that allow to simulate full heavy ion collisions, from the early stages of a color glass
condensate effective theory [858] giving rise to a glasma [859] initial condition, through
the formation of a local hydrodynamic equilibrium phase, for which an understanding
of the QCD equation of state is necessary, to the final hadronization, has experienced
great advances in the last years. Nevertheless, the cosmic ray community has not yet
adopted these tools for most of its work. The opportunities this type of work could open
are countless, given heavy ion programme at LHC, and the beam energy scan program
at RHIC, which allow to study heavy ion collisions over a range of energies, masses,
temperatures and chemical potentials. The cosmic ray community could provide, despite
the lower statistics and control over the environment, a useful feedback at the highest
energies accessible to humankind.
Cosmology has experienced during the last decade an increase in observational precision
that has driven parameter uncertainties to the sub-percent level. This has revealed the
inadequacy of the standard particle physics and cosmology models to give a full account
of the history of our Universe. On the other hand, it allows to study their modifications
in a way that can strongly rejects some of the proposed alternatives, having cornered
the cosmology community in its inability to account for about 95% of the contents of the
Universe, and to properly describe the behavior of the 5% of baryonic matter and photons
that is observable through the CMB or large scale structure samples. In this thesis, we have
explored some extensions to the standard models, by studying the Salam-Sezgin model
in §9, and non-standard inflation models in §10, both under the constrains imposed by
the Swampland conjectures. Besides that, in §11 we showed that having a family of dark
matter particles decaying to a dark radiation field produces modifications in the cosmic
355

conclusion
evolution that are unable to account for the Hubble tension.
Observational cosmology lives in unprecedented times, in that it has become a mainstream tool to probe exotic extensions to the standard model. The quest to understand dark
energy, dark matter, inflation, and whatever else is missing from the picture to produce
the inconsistencies that are currently present observations, will continue moving forward
theoretical, computational and observational efforts for years to come.
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